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408 Grate Bars of 77-Ni (special alloyed steel) pro- 
ed by CARONDELET are still serving in the sinter- 
machine shown above in the plant of the Blackwell 
mec Co., Inc., of Blackwell, Okla. This machine has 
effective grate area 12 ft. wide and 168 ft. long. 


-++A HEAT AND ABRASION RESISTANT SPECIAL 
ALLOYED STEEL GIVING LONGER SERVICE LIFE 


mon Ch CLL ELEL 


in overcoming burning, warpage and abrasion, CARONDELET produced those shown 
herein of 77-NI using CARONDELET'S Electric Furnace process for metallurgical control. 


STILL IN SERVICE AFTER 2% YEARS: *_ 


Still in use after 2% years, the above Grate Bars represent an extended service 
life that promises to reach approximately five years! The ratio of their service life 
to usual grate bar materials ranges from 6 to 1 to 10 to 1 as proved by this 
demonstrated service and others in non-ferrous sintering. 


Alloyed heat-resistant gray iron Grate Bars used concurrently to test a modified 
design, lasted less than 6 Months. 


BENEFIT OF VARIED INDUSTRY 
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As scrap becomes increasingly available more attention is being directed toward the 
effect of scrap on the yield and quality of open hearth steel. This month’s cover by 
Harry Brocke highlights the subject, Tests Emphasize Scrap Quality Control, which 
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This issue of JOURNAL OF METALS is in two Sections: 


Section 1—Magazine Section 2—Transactions Section 


Published the first day of each month by the American Institute of Mining and Metallurgical Engineers, Inc. 29 West 39th Street, New York 18, 
$8 per year for non-AIME members in United States and North, South and Central America; 


. . Registered cable address, AIME 
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CHROMEX B 

This is an exceedingly hard-fired chrome- 
magnesite refractory, widely used in many 
ferrous and non-ferrous metallurgical fur- 
naces. Important features are its good 
resistance to thermal shock and its un- 
usual volume stability and high strength 
at high temperatures. 


H-W MAGNESITE 

The standard hard burned magnesice brick for 

more than half a century now has a magnesia 

content exceeding 90 percent, which represents 

an appreciable margin over the conventional 

product of previous years. This excellent com- 
METALKASE bs position together with its high density and 
stability of volume account for the wide prefer- 

ioneer - sic bric 

mum spalling resistance among basic 
refractories. In many applications the use 
of METALKASE increases furnace life 
by many times. 


use in various metallurgical furnaces. 


Through extensive research and wide experience in 
the use of basic refractories Harbison-Walker has 
developed the products especially suited for the most 
ccamprehensive range of applications. Mere than a 
donen different classes cf Harbison-Walker basic brick 
and several kinds of basic ramming mixtures are avail- 
able for the fulfillment of every specific requirement. 


HARBISON-WALKER REFRACTORIES CO. 


GENERAL OFFICES - PITTSBURGH 22, PA. 


7. 


AND SUBSIDIARIES 
@ World's Largest Producer of Refractories 
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7 for maximum life of furnace linings... _ 
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H. L. Johnson (p. 949) has been as- 
sociated with the U. S. Smelting, 
Refining & Mining Co., since 1916. 
He has been manager of the Midvale 
plant since 1949. Born in Chicago, 
he presently resides in Salt Lake 
City. He holds membership in the 
Utah Section of AIME and is a direc- 
tor of the Utah Mining Assn. 


A. NELSON 


C. A. Nelson (p. 949) is general 
superintendent of the Midvale plant, 
U. S. Smelting, Refining & Mining 
Co. He was born at Salt Lake City 
and received his B.S. in chemical 
engineering from the University of 
Utah. In 1926 Mr. Nelson was a 
chemist for the American Smelting 
& Refining Co. In 1927 he joined the 
Utah Idaho Sugar Co. as chemist 
and for five years was chemist 
and assayer at the Tooele plant of 
the International Smelting & Refin- 
ing Co. In 1933 he joined U. S. 
Smelting as a chemist. During his 
years with the company he has held 
the positions of assayer, night super- 
intendent, roaster superintendent, 
lead plant superintendent, and 
smelter superintendent, respectively. 
He is an AIME Member. In his free 
time, Mr. Nelson enjoys hunting 
and small arms target shooting. 


H. L. JOHNSON 


W. R. Yankee (p. 989) was born at 
Franklin, Mass., and attended Bos- 
ton and Columbia Universities. He 
has done work in physical metal- 
lurgy at the Watertown Arsenal 
Laboratory and has been a research 
worker at MIT and Columbia. In 
April 1954 Mr. Yankee joined the 
Metals & Controls Corp., Attleboro, 
Mass. as researcli engineer. His hob- 
bies include photography, autcmo- 
bile racing, golf, and softball. 


W. R. YANKEE F. C. LANGENBERG 


Meet The Authors 


F. C. Langenberg (p. 967) is a Mem- 
ber of the AIME Pittsburgh Local 
Section. Born in New York City, 
Mr. Langenberg attended Lehigh 
University and Pennsylvania State 
University. From 1951 to 1953 he 
was engaged in blast furnace re- 
search at U. S. Steel Co., research 
and development laboratory. He is 
presently a Ph.D. candidate. He 
holds membership in AIME and 
presented a paper before the AIME 
Blast Furnace, Coke Oven Raw Ma- 
terials Conference in 1953. 


E. R. Morgan (p. 983) was born at 
Staffordshire, England and received 
his B.Sc. and Ph.D. from the Uni- 
versity of Birmingham, England. He 
has been a supervisor, physical met- 
allurgy in the scientific laboratory, 
Ford Motor Co., Dearborn, Mich., 
since 1952. In 1937 Dr. Morgan was 
a chemist for F. H. Lloyd, Ltd. From 
1939 to 1941 he was associated with 
David Brown Ltd. Following his 
discharge from the Royal Air Force 
in 1945, Dr. Morgan joined the staff 
at the University of British Colum- 
bia as a research associate. He is a 
Member of the AIME, ASM, Iron 
and Steel Institute, and Institute of 
Metals (London). 


E. R. MORGAN N. H. POLAKOWSKI 
N. H. Polakowski (p. 954) is a gradu- 
ate mechanical engineer (1938) of the 
Technical University of Lwow and 
received a Ph.D. from the University 
of Wales. He left Poland in 1947 and 
went to England. Dr. Polakowski 
became associated with the metallur- 
gical dept. of the University College 
of Swansea. Dr. Polakowski au- 
thored many papers and articles on 
the mechanical behavior and plastic 
forming of metals. In 1950 he re- 
ceived the Andrew Carnegie Silver 
Medal from the Iron and Steel Insti- 
tute, London. He joined the Arm- 
zen Co., Waterbury, Conn., in Sep- 
tember 1953 and arrived in the 
United States in December 1953. 


Arthur W. Mullendore (p. 973) is 
presently assigned as task scientist 
at the aeronautical research labora- 
tory, Wright Patterson Air Force 
Base, Dayton, Ohio. He was born at 
River Falls, Wis., and attended the 
University of Wisconsin and Massa- 


chusetts Institute of Technology. A 
Member of the AIME Ohio Valley 
Local Section, his hobby is art in 
general with sculpture heading the 
list. 


A. U. Seybolt (p. 979) joined the 
General Electric Co., Schenectady in 
1947. Born at Westfield, N. Y., he 
received his B.S. and Ph.D. from 
Yale University. Prior to World War 
II, Dr. Seybolt was on the staff at 
Battelle Memorial Institute as assist- 
ant supervisor, nonferrous metal- 
lurgy. From 1943 to 1945 he was 
located at Los Alamos. He then 
joined Sylvania Electric Co. and was 
associated with New York Univer- 
sity for one year. He is a Member of 
AIME, ASM, Electrochemical Soci- 
ety and Institute of Metals (British). 
In his free time he enjoys tennis, 
gardening, — and painting. 


PROFESSIONAL SERVICES 
Limited to AIME members, or to com- 
panies that have at least one AIME 
member on their staffs. Rates $40 per 

year per inch. 


SCIENTISTS 
CONSULTANTS 
METALLURGISTS 
Small Jobs 
SAM TOUR & CO., INC. 
Laboratories and offices 
44 Trinity Place, New York 6, N. Y. 


Testing—Certifying 
American Standards 
Testing Bureau, Inc. 


HANS NEUBERT 
PRECISE 
TECHNICAL TRANSLATIONS FROM GER- 
MAN, SPANISH, FRENCH INTO INGLISH 
FIRS? TWO TYPEWRITTEN PAGES $3.00 
EACH INTRODUCTORY PRICE. REGULAR 
PRICE THEREAFTER 3 CENTS PER WORD. 
31 Hilltop Ave. Clark-Rohway, N. J. 


MAX STERN 
Consulting Engineer 
Expert for Scrap Recovery and Ship- 
wrecking — Modernization of Plants 
and Yards for Ferrous and Nonferrous 
; Metal Scrap 
149 Broadway New York 6, N. Y. 


H. L. TALBOT 


Consulting Metallurgical Engineer 
Extraction and Refining of Base Metals 
Specializing in Cobalt and Copper 


Room 331, 84 State St., Boston 9, Mass. 
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FIVE REASONS WHY NATIONAL CARBON COMPANY 


ELECTRIC FURNACE ELECTRODES GIVE YOU THE 


MOST FOR YOUR MONEY... 


ELECTRODE QUALITY ... has a direct bearing 
on the quality of your product; in many in- 
stances, it can materially affect your cost. Na- 
tional Carbon’s graphite and carbon electrodes 
are, and always have been, the finest quality 
obtainable anywhere. We make this statement 
without reservation. 
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NFW PRODUCT DEVELOPMENT ... is basic in 
technological progress. National Carbon has al- 
ways done the major part of this country’s elec- 
trode research and development . . . a share out of 
all proportion even to its outstanding leadership 
in the production and sale of these products. This 
is a matter of long-standing record. 


PLANT CAPACITY . . . National Carbon’s 
ability to produce is at an all-time high. The 
five plants shown here are fully integrated for 
production of both carbon and graphite elec- 
trode products — a situation rare in the industry 
and in keeping with National Carbon’s far- 
sighted planning to pace requirements of a 
rapidly-expanding economy. For example, 
plant additions in the last five years alone have 
more than doubled graphite electrode capacity. 


EXPERIENCE .. . of National Carbon is the 
foundation, building blocks and cornerstone 
of electrode-products manufacture in this 
country. First with commercial production 
of both carbon and graphite electrodes in the 
early 1900’s, National Carbon introduced 
the first of each increasingly larger electrode 
size from that time to the present, plus a host 
of successful accessory items for improved 
application of electrodes in the metallurgical 
field. Today, National Carbon is the only company i 
producing carbon electrodes up to 45” diameter; 
graphite electrodes to 35”. Even larger electrodes | at 


and other massive shapes can be made with pres- ! The term, “ny / 

ent facilities. Inquiries are invited. “Acheson 

| Carbide rade-marhs of 


RESPONSIBILITY . . . to customers and to the in- 


dustry as a whole . . . expresses itself several ways ' COMPAN Y J 
in National Carbon history. The company has Union of 
consistently kept ahead of demands for both qual- 90 East 42ng Stree, 
ity and size of electrode products; National Car- Atianes Sates ork 
bon research stands virtually alone in the steady New York, Dallas, Kean 
march of new product development; and, in the wrth, San Francises 
field of service, National Carbon is supreme. For Carbide Canada 
many years have conducted an expanding, Toronto 
electrode technical-service operation, staffed by a 
group of electrode experts, specially trained to 


help you get more for your electrode dollar. 
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HE following employment items are made 

available to AIME members on a non- 
profit basis by the Engineering Societies Per- 
sonnel Service Inc, operating in cooperation 
with the Four Founder Societies. Local offices 
of the Personne! Service are at 8 W. 40th St., 
New York 18; 100 Farnsworth Ave., Detroit; 
57 Post St., Sen Francisco; 84 E. Randolph St., 
Chicago 1. Applicants should address all mail 
to the proper key numbers in care of the New 
York office and include 6c in stamps for for- 
warding and returning application. The ap- 
plicant agrees, if placed in a position by 
means of the Service, to pay the placement 
fee listed by the Service. AIME members may 
secure o weekly bulletin of positions available 
for $3.50 a quarter, $12 a year 


POSITIONS OPEN 


Engineers. (a) Control chemist, 
young, with some experience in con- 
trol work for lead smelter. Salary, 
$4500 to $5100 a year. (b) Produc- 
tion shift engineer, graduate metal- 
lurgical or chemical engineer, to 
take complete charge of shift of lead 
smelter. Salary, $5400 to $6000 a 
year. Location, Midwest. W299. 


ORDER YOUR BOOKS THROUGH 
AIME—Address Irene K. Sharp, Book 
Department. Ten per cent discount 
given whenever possible. Order Gov- 
ernment publications direct from the 
agency concerned. 


Rare Metals Handbook, edited by 
Clifford A. Hampel. Reinhold Pub- 
lishing Corp., $12.00, 657 pp., 1954.— 
Assembled for the first time in one 
handy source is the latest available 
information on more than 35 less- 
common metallic elements, previ- 
ously little investigated but now 
playing an increasingly important 
role in modern technology. Informa- 
tion about each element is arranged 
for speed reference to such aspects 
as occurrence, production statistics, 
economics, derivation, physical and 
chemical properties, fabrication tech- 
niques, alloys and applications. 


Qualitative Inorganic Analysis, by 
G. Charlot. John Wiley & Sons Inc., 
$7.00, 354 pp., 1954—The author at- 
tempts to show how the teaching 
and practice of qualitative analysis 
can be put on an entirely new basis 


by concentrating all the methods 
which modern physical chemistry 
and quantitative analysis, especially 
colorimetric analysis, make avail- 
able. The familiar groups of the 
classical system disappear along with 
most of the separations on which 
they were based. Most detections are 
made in solution and extensive use 
is made of pH and redox potential 
control, complex formation, and ex- 
traction with solvents. 
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Production Manager, with at least 
ten years light metal manufacturing 
and plating experience covering elec- 
tromechanical components and radio 
hardware. Salary, $10,000 to $12,000 
a year. Location, New Hampshire. 
W226. 


ALUMINUM METALLURGIST 


With 5 to 8 years experience in 
the aluminum industry, preferably 
in wrought products. Should be 
familiar with quality control meth- 
ods and procedures and/or metal- 
lurgy and have ability to handle 
administrative assignment. Excel- 
lent opportunity for advancement 
and growth with expanding organ- 
ization. 

In reply, please furnish complete 
information concerning personal 
history, experience and training. 
Salary open. Our employees know 
of this ad. Write 


Box H-15M, AIME 
29 W. 39th St., New York 18 


Sales Engineer, 25 to 30, mechani- 
cal, chemical, electrical, or metallur- 
gical engineering degree. Must have 
three to five years experience selling 
industrial equipment, for the appli- 
cation and sale of industrial burner 
systems by direct personal solicita- 
tion. Field travel away from home 
frequently required, but never ex- 
ceeding 25 pct of the time. Salary 
open. Location, Indiana. W302. 

Metallurgical Engineers with mill- 
ing experience, including flotation, 
for copper mine. Location, Michigan. 
Y9907. 


WANTED—Source of supply for 
fine tetrahedral copper crystals, 
60-100 mesh, must have high 
brilliance. 


Box H-13 AIME 
29 W. 39th St., N. Y. 18, N. Y. 


Qualified Blast Furnace Superin- 
tendent or Assistant on single 
stack plant. Give experience, edu- 
cation and salary expected. Write 
in detail. 

Box H-14M AIME 


29 W. 39th St., N. Y. 18, N. Y. 


Books for Engineers 


Gmelin’s Handbook of Inorganic 
Chemistry, Boron Supplement Vol- 
ume, System No. 13, edited by the 
Gmelin Institute under the direction 
of E. H. E. Pietsch. $33.60 (in wrap- 
pers), $34.80 (cloth bound), 253 pp., 
1954—The volume is the first com- 
plete and modern monograph on the 
element boron and its compounds. 
It is a supplement to the boron vol- 
ume of Gmelin’s Handbook pub- 
lished in 1926 and covers the litera- 
ture of the years 1925 to 1950. It pre- 
sents a comprehensive picture of ad- 
vances in the field and in related 
groups of compounds. 


Gmelin’s Handbook of Inorganic 
Chemistry, Selenium, System No. 10 
Part A, Section 3, edited by the 
Gmelin Institute under the direction 
of E. H. E. Pietsch. $26.64, 184 pp., 
1953—The present volume is devoted 
to the selenium rectifier and the 
selenium photocell—the systematic 
development of which can be traced 
back to about 1930 when intensive 
semiconductor research started. 


Statistical Analysis in Chemistry 
and the Chemical Industry, by Carl 
A. Bennett and Norman L. Franklin. 
John Wiley & Sons, Inc., $8.00, 724 
pp., 1954—Starting from the begin- 
ning of the subject, the book deals 
with each topic as completely as pos- 
sible, giving the theoretical back- 
ground and derivation of the analyt- 
ical methods, together with computa- 
tional procecures. Enough of the 
mathematical theory underlying 
these methods is given to serve as a 
basis for judging the soundness of 
their application. 


Free the Atom. National Assn. of 
Manufacturers, 25¢, 30 pp., 1954— 
The publication makes a case for 
wisdom of utilizing private re- 
sources for the development of 
atomic power. It contains 20 ques- 
tions and answers by national au- 
thorities on industrial development 
of atomic energy by private enter- 
prise. 

Bibliography on Filing, Classifica- 
tion, and Indexing Systems for Engi- 
neering Offices and Libraries. Com- 
piled by the Engineering Societies 
Library. $2.00, 18 pp., 1954—This is 
a selected list of references prepared 
for engineers and librarians faced 
with organizing their own files. Ref- 
erences list magazine articles, books, 
and pamphlets on filing, classifica- 
tion and indexing, lists of subject 
headings, and hand-sorted punch 
card systems. 

Gmelin’s Handbook of Inorganic 
Chemistry. Gold System No. 62, Part 
2 and Part 3, edited by the Gmelin 
Institute under the direction of E. H. 
E. Pietsch. $40.32 and $74.88 respec- 
tively, 306 and 558 pp., 1954—Part 2 
of the gold series is divided into the 
followiag chapters: Occurrence, in- 
dustrial manufacture, formation and 
preparation of special modifications 
in pure state, and the surface treat- 
ment of gold and gold alloys. Part 3 
completes the series started in 1950. 
It covers the physical properties of 
the elements, its electrochemical, 
chemical and physiological behavior, 
the indication and determination of 
gold, the general reactions of the 
gold salts, the compounds of gold, 
and gold alloys. 
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_ When it’s time to rebuild... 


Above: representative P-A Venturi Scrubber installa- 
tion at blast furnace. Below: diagram showing how the 
P-A Scrubber was installed between the existing dust 
catcher and scrubber, the latter being converted to 


@ gas cooler. 


it's time for 


P-A 


When your blast furnace is to be shut down for 
repairs or rebuilding . . . that’s a particularly good 
opportunity to install a Chemico P-A Venturi 
Gas Scrubber. 


The P-A Scrubber will put your full top pressure 
to work cleaning your blast furnace gas... and 
will do it with surprisingly low water consumption, 
thus minimizing your thickener requirements. 


A P-A Scrubber costs little to buy, little to install, 
and little to maintain. Also, it fits into small space 
and requires no attention. For most installations 
no further cleaning is required. 

Units are available for capacities ranging up to 
150,000 cfm. Phone (MUrray Hill 8-7400) or write 
our P-A Sales Department for complete informa- 
tion and ask for our bulletin M-102 on P-A Gas 
Scrubbers. At your request, our technical repre- 
sentative will come to you with full details. 


CHEMICAL CONSTRUCTION 
CORPORATION 


A Unit of American Cyanamid Company 
488 MADISON AVENUE, NEW YORK 22, N. Y. 
Technical Representatives throughout the World 
Cables: CHEMICONST, N.Y. 


CHEMICO 
P-A 


(PEASE-ANTHONY) 


GAS SCRUBBERS 
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e R. Wallace & Sons Mfg. Co. an- 
nounced the formation of Wallace 
Aviation Corp. for the production of 
compressor and turbine blades for 
jet engines. Cold rolling and pre- 
cision forming techniques used in 
the Wallace plant to fabricate silver- 
ware will be employed. Other stock- 
holders are Laurance S. Rockefeller 
and Reaction Motors Inc. 


e Vanadium-Alloys Steel Co., La- 
trobe, Pa., has completed the first 
phase of a rolling mill facility mod- 
ernization with the installation of a 
new 12-in. merchant bar rolling mill. 
The new mill, replacing a 12-in. 
liner mill, was designed and con- 
structed by the Lewis Foundry & 
Machine, Div. of Blaw-Knox Co., 
Pittsburgh, assisted by Wilbur Mc- 
Intyre, rolling mills superintendent 
of Vanadium-Alloys. 


e Stanford Research Institute has 
been named as one of the three na- 
tional industrial information deposi- 
tories of unclassified information in 
the atomic energy field. Other de- 
positories are to be maintained by 
the Atomic Industrial Forum of New 
York and the John Crerar Library 
of Chicago. 


e Babcock & Wilcox Co. is sched- 
uled to furnish two heat exchangers 
for the first full scale nuclear power 
plant to be built in the U. S. The 
contract is with the Westinghouse 
Electric Corp. which has responsi- 
bility for the nuclear portion of the 
project under agreement with the 
Atomic Energy Commission. Du- 
quesne Light Co. will build the elec- 
tric-generating part of the project 
and will operate the power plant to 
be located near Shippingport, Pa. 


Industrial Notes 


e Initial production of Rocky Moun- 
tain Metals, Inc., a subsidiary of In- 
ternational Powder Metallurgy Co., 
Ridgeway, Pa., started July 1. The 
new plant has facilities for produc- 
ing 100,000 powder metal parts per 
day. Initial production is bushings 
and bearings for small motors, pow- 
dered metal structural parts for the 
automotive and allied industries. 


e The Hotel Cleveland, Cleveland, 
Ohio will be the scene of a national 
symposium on titanium standard 
parts—materials, fabrication, costs, 
testing, and aircraft usage—October 
11 and 12. Sponsoring the meeting is 
the National Aircraft Standards 
Committee of the Aircraft Industries 
Assn. 


e Travel of three machine tools had 
to be nearly tripled at the Bethie- 
hem, Pa. plant of Bethlehem Steel 
Co. to permit machining of giant 
Air Force forging press column sec- 
tions. Special additions to shop 
equipment accommodated the huge 
members. The sections were for the 
35,000 ton press designed by Loewy- 
Hydropress, Inc. The press is now 
being erected at the Wyman-Gordon 
Co. plant in North Grafton, Mass. 


e A newly designed cut-off machine 
has increased production of harder 
nickel alloy billets by at least five 
times, according to International 
Nickel Co.’s Huntington, W. Va. 
Works. The new abrasive cutting 
equipment is manufactured by 
Campbell Machine Div. of the Amer- 
ican Chain & Cable Co., Bridgeport, 
Conn. A 26 in. diam cut-off wheel 
on the machine has successfully cut 
14 billets per wheel. 


e Another 36,000 tons of titanium 
oxide capacity will be added to Na- 
tional Lead Co.’s total when new 
facilities are completed at St. Louis. 
Until now, the St. Louis plant has 
been restricted to the production of 
calcium-base titanium pigments. 


e Rust Furnace Co. has contracted 
to build a new billet heating furnace 
for the American Steel & Wire Div. 
of U. S. Steel Corp. at Cleveland. 
The furnace, of the Rust continuous 
double-fired type, will serve a new 
rod mill at the Cuyahoga Works. It 
will have a 100 ton per hr capacity. 
Side charged and discharged, the 
heater will have a 70-ft effective 
heating length and a 38-ft inside 
width. 


e Armour Research Foundation of 
Illinois Institute of Technology has 
developed a lightweight titanium 
alloy considered suitable as a re- 
placement for steel in military weap- 
ons. Research was done for the Ord- 
nance Corps. The alloy displays 
tensile strengths up to 192,000 ppsi. 


e Steel production during the first 
half of 1954 totaled 44,128,998 tons of 
ingots and steel for castings. Output 
was approximately 900,000 tons be- 
low production for the first half of 
1952. 


e Alloy Precision Castings Co. leased 
the entire plant of the Industrial 
Metals Casting Corp., wholly owned 
subsidiary of the Mercast Corp., New 
York. The plant, to be known as 
Plant 2 of Alloy Precision Castings 
Co., is in Cleveland. Large precision 
castings from frozen mercury pat- 
terns will be produced using the 
Mercast process. 


Coming Events 


July 25-Aug. 10, World Power Conference, 
sectional meeting, Rio de Janeiro, Brazil. 


Aug. 2-12, Pan American Federation of En- 
gineering Societies (UPADI), 3rd conven- 
tion, Sao Paulo, Brazil. 


Aug. 23-27, Oak Ridge Summer Symposium, 
odern Analytical Chemistry, Oak Ridge, 
Tenn 


Aug. 30-Sept. 3, Sth International Combus- 
tien Symposiam, University of Pittsburgh, 
Pa. Bernard Lewis, Chairman, Alcoa 
Bidg., Pittsburgh 19, Pa. 


Se 8-10, ASME, fall meeting, Schroeder 
otel, Milwaukee. 


Sept. 9, AIME, San Francisco Local Section, 
ngineers’ Club, San Francisco. 


Sept. 9, AIME, National Open Hearth Com- 
mittee, Chicago Section, annual golf party, 
Midlothian Country Club. 


Sept. 10, AIME, Lehigh Valley Local Sec- 
tion, annual inspection trip, Ingersoll- 
Rand Co., Phillipsburg, N. J. 


Sept. 12-16, American Institute of Chemical 
ngineers, Hotel Colorado, Glenwood 
Springs, Colo. 

Sept. 15-14, American Coke & Chemicals, 
national meeting. Hotel Colorado, Glen- 
wood Springs, Colo 


14-24, Instrument Sectety of Amertea, 
hiladelphia. 


Sept. 17-18, Oth Annual Calorimetry Con- 
erence, General Electric Research Lab- 
oratory 
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Sept. 20-24, American Mining Congress, Civic 
uditorium, San Francisco. 


Sept. 22, AIME, Connecticut Loca! Section, 
‘onnecticut Light & Power Auditorium, 
Waterbury 

Sept. 24, AIME, MBD, fall meeting, Fairmont 

otel, San Francisco. 

Sept. 28-Oct. 1, Assn. of Iron & Steel Engi- 
neers, iron and steel exposition, Cleveland 
Public Auditorium, Cleveland. 

~—- 30, AIME, Utah Local Section. Stag. 

‘ocktails, dinner, smoker, Newhouse Hotel. 


Oct. 1-2, Standards Engineers Society, an- 
—_ meeting, Haddon Hall, Atlantic City, 


Oct. 3-7, Electrochemical Society, Inc., Stat- 
ler Hotel, Boston 

Oct. 5, AIME, National Open Hearth Con- 
ference, Buffalo Section, Hotel Statler, 
Buffalo, N. Y¥ 

Oct. 7-8, AIME, National Cpen Hearth Con- 
ference, Southwestern Section, Atlanta, Ga. 


Oct. 8, AIME, National Open Hearth Con- 
ference, Eastern Section, fall meeting, War- 
wick Hotel, Philadelphia. 


Oct. 17-20, AIME, Petroleum Branch, Plaza 
Hotel, San Antonio, Texas. 


Oct. 18, AIME, Columbia Local Section, Spo- 
kane, Wash. 


Oct. 18-22%, National Safety Congress and Ex- 
pesition, Chicago, Ill. 


Oct. 18-22, ASCE, annual meeting, Hotel 
Statler, New York, N. Y. 


Oct. 26, Assn. of C 1 Chemists and 
Chemical Engineers, Inc., “annual sympo- 
sium and banquet, Hotel Belmont Plaza, 
New York. 


Oct. 28-29, ECPD, Hotel Alms, Cincinnati. 


Oct. 29, NOHC and Pittsburgh Local 
Secti off-the-record meeting, William 
Hotel, Pittsburgh. 


Nov. 1-3, AIME, Institute of Metals Div., fall 
meeting, Hotel Morrison, Chicago. 


Nev. 1-5, American Welding Society, Hotel 
Sherman, Chicago. 


Nov. 1-5, American Society for Metals, Na- 
tional Metal Congress, Palmer House, ex- 
position, International Amphitheatre, Chi- 
cago. 


Nov. 5-6, AIME, National Open Hearth Con- 
ference, Southern Ohio Section, Deshler- 
Hilton Hotel, Columbus, Ohio. 


Nov. 18-19, National Assn. of Corrosion En- 
gineers, 4th annual conference of western 
region, Hotel Biltmore, Los Angeles. 


Dec. 1-4, AIME, Electric Furnace Steel Con- 
ference, William Penn Hotel, Pittsburgh. 


Dec. 12-15, American Institute of Chemical 
Engineers, annual meeting, Statler Hotel, 
New York. 


Jan. 23-25, Indian Institute of Metals, annual 
og meeting, United Club, Jamshedpur, 
ndia 


Feb. 14-17, 1955, AIME, annual meeting, 
Hotel Conrad Hilton, Chicago. 


_ | 


FACTS ABOUT VACUUM-MELTED METALS AND ALLOYS 


- WERE 


427%... NO 


A machine tool manufacturer had 42% rejection of bearing 
races at final inspection, after two regrinding operations. Substitution of 
vacuum-melted steel reduced this loss to less than 5%. Properties of 


vacuum-melted metals include: greater impact and fatigue strength... 
better machinability . . . cleaner, higher polished surfaces. We can 
deliver commercial quantities. Write for more facts. 


These 
Vacuum-Melted Metals 
Now Available 


FERROVAC ® 52100 and 51100 
FERROVAC® 4340 
HIGH ALLOY STEELS 


ACUUM 
METALS 


CORPORATION 


P. O. BOX 977, SYRACUSE 1, NEW YORK 
Jointly owned by Crucible Steel Company of America and National Research Corp. 
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Mt. Vernon Die ( Casting Co : 


MP says.. 


After a most satisfactory experience of more than five years with AJAX low frequency Induction 


Furnaces in their Mt. Vernon, New York plant, this company has now installed the furnaces shown 
above in their new modern plant at Stamford, Conn. “We are convinced,” they state, “that economy 
of operation makes this type of furnace well worth while. We intend to continue to install them till 


ALL ALUMINUM alloy at Mount Vernon is melted in a 
central group of AJAX melting furnaces. Small individ- 
ual AJAX holding furnaces serve many ALUMINUM 
die casting machines. 


ALL ZINC die casting alloy is prepared from pure 
metals in another group of AJAX melting furnaces. 
AJAX holding furnaces serving all ZINC die casting 
machines are supplied through an AJAX-engineered 


all our die casting machines are fed by AJAX furnaces.” 


molten ZINC distribution system requiring no labor. 


Years of practical experience with AJAX induction 
equipment enabled Mount Vernon Die Casting Corpora- 
tion to take full advantage of this up-to-date method 
of melting in their new plant. The result is outstanding 
production efficiency and quality control. 


We at AJAX Engineering are proud to have played a 
part in this achievement. 


Write for Reprint of Article Giving Further Details on This Installation 


AJA 


AJAX ENGINEERING CORP., TRENTON 7, N. J. 


TAMA-WYATT 
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» INDUCTION MELTING FURNACE 


AJAX ELECTRIC CO., INC., The Age Hultgren Set Barn Furnace 
AJAX ELECTRIC FURNACE CORP... Aux Induction Furnaces for Melting 
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New Products 


Products 


New Literature 


New Services 


For Further Information or Literature on any Product, Fill in the Coupon and Send to JOURNAL OF METALS 
Students are Requested to Apply Directly to Manufacturers for Bulletins and Information 


1—UTILITY COMPRESSOR: Im- 
proved utility compressor has been 
returned to the LeRoi Co. Airmaster 
line. Better air cleaning and cooling 
through the use of oil bath air clean- 
ers and a pressurized cooling system 
is one of the new features. Overall 
width of the unit is 25 in. and the 
overall length of 82 in. does not ex- 
ceed the maximum truck width reg- 
ulation for any state. 


2—CHROME PLATING UNIT: De- 
signed for a wide range of applica- 
tions with smaller components and 


tools, this model will deposit a 
bright, hard chrome plate as fast as 
0.002 in. per hr on areas up to 25 sq 
in. It makes use of an improved 
hard chrome plating solution which 
eliminates the necessity of bath ad- 
justment or maintenance through- 
out the long life of the solution. 
Dawson Corp. 


3—SINTERFORGE: Smoother sur- 
faces and closer tolerances are now 
obtainable in a new line of hot 
pressed tungsten carbide products. 
Sinter-forge SF is available in all 
grades of tungsten carbide that are 
conventionally used in hot pressed 
products. This includes the range of 
cobalt contents from 6 to about 20 
pet. Sintercast Corp. of America. 


4—LUBRICANT: Moly-spray-kote 
lubricant is free from objectionable 
resin binders or varnish and will not 
chip or flake from metal surfaces. A 
film of Moly-spray-kote on the bear- 
ing surfaces of moving parts during 
assembly will provide an effective 
form of lubrication against galling 
and scoring. Alpha Corp. 


5—DYNAMASTER: Continuous 
measurement and control of rate of 
heat input or output is possible 
through the use of the new Btu re- 
corder-controller systems announced 
by the Bristol Co. 


6—BRAZING: A new rotor brazing 
technique developed by Selas Corp. 
of America increases production 
rates at reduced operating costs. 
This method permits the brazing, in 
less than 5 min, of 64 copper bars to 
the end ring of a rotor for an indus- 
trial electric motor, through the use 
of Selas superheat burners. 


7—CORE MAKING: Machine de- 
signed to use any metal pattern 
which will not disintegrate at the 
desired operating temperature is 
available. Another feature is that 
it will make shells and cores simul- 
taneously when necessary, as long as 
the patterns and core boxes fit under 
the dump box. Metco Processing 
Corp. 


8—COLORIMETER-SPECTRO- 
PHOTOMETER: This combination 
instrument producing high wave- 
length accuracy and spectral purity 
through use of a diffraction grating 
has been announced by Bausch & 
Lomb Optical Co. Effective range is 
from 375 mmu to 950 mmu. For the 
range from 650 mmu to 950 mmu, an 
infrared tube and filter are quickly 
substituted for the standard tube. 


9—SHEET LIFTER: This _instru- 
ment can be used to lift sheet steel, 


plywood, masonite, plasterboard, or 
any object that has a flat surface on 
which a vacuum can be maintained. 
When the trigger on the pistol grip 
handle is held down, the suction cup 
will pull 11 psi. Compressed air is 
passed through the venturi at 45 psi, 
creating a constant vacuum of 22 in. 
of mercury. F. J. Littell Machine Co. 


10—RHEOSTAT: An improved car- 
bon pile rheostat has been announced 
by Hanson-Van Winkle-Munning 
Co. Designed for electroplating in- 
stallations, it can be used in any 
low voltage, high current applica- 
tion where stepless control is de- 
sired. 


11—AIR COMPRESSOR: A pack- 
aged air compressor in the 75 to 100 
hp range has been introduced by 
Ingersoll-Rand Co. It is an opposed 
cylinder, balanced design driven by 
a direct connected, induction motor. 
Basic design is a two stage unit for 


80 to 125 psi, but other cylinder ar- 
rangements are available for higher 
pressures or for pumping vacuums. 


12—PRECISION SWITCH: Preci- 
sion switch for high temperature ap- 
plications is announced by Minne- 
apolis-Honeywell Regulator Co., Mi- 
cro Switch. Its capacity for switch- 
ing a substantial electrical load in a 
temperature range of —50° to 1000°F 
makes it well suited for aircraft and 
industrial applications. 


13—TUBE FURNACE: High temper- 
ature electric tube furnaces avail- 
able for one, two, and four tubes 
have been announced by Burrell 
Corp. Recommended use is for high 
temperature combustion in the de- 
terminations of carbons or sulphurs 
in ferrous and nonferrous metals. 
Three sizes of the model are avail- 
able for the tubes up to 1% OD, 


Free Literature 


20—VERMICULITE: Data summa- 
rizing current industrial uses of the 
mica-like mineral and suggestions 
for further possibilities to the manu- 
facturing and industrial fields are 
contained in booklet issued by 
Vermiculite Institute. 


21—VIBRATING CONVEYORS: 
These conveyors are described in 
booklet No. 135-A distributed by 
Hewitt-Robins Inc. Installations 
handling material as red hot steel 
castings, scrap metal, and crushed 
limestone are illustrated. 
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22—-ALCOA RESEARCH: A descrip- 
tion of the work of Aluminum Re- 
search Laboratories, brief historical 
note, and a listing of more than 1000 
books, technical papers, and articles 
prepared by Alcoa research scientists 
highlight this 54-page book pub- 
lished by Aluminum Co. of America. 


23—BRICK INSULATING: Harbi- 
son-Walker Refractories Co. has re- 
vised their bulletin on insulating 
brick to include the company’s new 
3000°F insulating refractory. Data 
on brick in the following classes has 
been included: 1600°, 2000°, 2300’, 
2600°, 2800°, and 3000°F. 


24—TIN: The story of Straits tin is 
told in 20-page booklet available 
from the Malayan Tin Bureau. The 
present and prospective uses in in- 
dustry are illustrated. 


25—AUTOMATION: Brochure de- 
scribing in detail the complete ser- 
vices offered to builders of machine 
tools by Swartz Tool Products Co. is 
now available. Swartz designed fix- 
tures for standard, single station, 
rotary index, trunnion index, and 
in-line transfer machines are illus- 
trated. 


26—SPINDLES: A machine tool spin- 
dle bearing manual which outlines 
the fundamental principles involved 
in the maintenance of machine tool 
spindles for doing high precision 
work is being distributed by United 
Motors Service Div., General Motors 
Corp. 


27—WIRE ROPE: Catalog divided 
into 16 sections, one for each of the 
major industries which use wire is 
issued by John A. Roebling’s Sons 
Corp. Photographs are included 
showing various wire rope applica- 
tions in shipping, logging, construc- 
tion, and mining. 


28—FOUNDRY: Melting and casting 
handbook is offered by Foundry Ser- 
vices, Inc. Aluminum; brass, bronze, 
copper, and nickel alloys; manganese 
bronze; aluminum bronze; silicon 
bronze; monel, nickel silver; and 
iron and steel are covered. A mis- 
cellaneous section for ferrous and 
nonferrous is included. 


29—DATA SHEETS: Publication cat- 
alog issued by Crucible Steel Co. of 
America is a compilation of manuals, 
technical aids, and data sheets pre- 
pared as a result of research projects 
carried on at the company and other 
work experience. 


30—GOGGLE VALVES: Two types 
of goggle valves are illustrated and 
described in a new 16 page catalog 
issued by Salem-Brosius, Inc. Engi- 
neering details are included. These 
valves, used in large diameter gas 
mains around blast furnaces and 
coke ovens, are furnished for gas 
main sizes up to 108 in. diam. 


31—METAL CARS: Mixer type hot 
metal cars manufactured by M. H. 
Treadwell Co., Inc., are described in 
booklet. Illustrations show improve- 
ments in practices of these cars. 


32—ZR: A concise compilation of in- 
formation about the history and pro- 
duction of zirconium is given in 
booklet entitled Facts About Zir- 
conium. Mechanical, physical, and 
chemical properties, melting, forg- 
ing, rolling, welding, and various 
zirconium chemicals are discussed. 
Carborundum Metals Co., Inc. 


33—W ELECTRODES: New folder 
issued by Sylvania Electric Products, 
Inc., provides information on tung- 
sten welding electrodes and inert 
gas welding techniques. 


Journal of Metals 
29 West 39th St. 
New York 18, N. Y. 


Price Data 


More Information 
Please send me Free Literature 


Not Good After Dec. 1, 


September 


O on items indicated. 
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34—REFRACTORIES: Two super 
duty fireclay brick are detailed in 
8-page bulletin published by Harbi- 
son-Walker Refractories Co. These 
bricks offer high refractoriness, high 
resistance to spalling, high resist- 
ance to fluxes, low porosity, stability 
of volume and strength at high tem- 
peratures. 


35—CASTINGS: Bulletin 150 issued 
by Shenango-Penn Mold Co., deals 
with nonferrous parts in manganese 
and aluminum bronzes, red bronzes, 
brass, monel metal, and special 
alloys. 


36—BERYLLIUM: General informa- 
tion on beryllium-copper, beryllium- 
nickel, beryllium-aluminum, and be- 
ryllium-iron alloys available in ingot 
form for remelting purposes such as 
casting or alloying is contained in 
bulletin obtainable from Penn Pre- 
cision Products, Inc., Various uses 
for these products are described and 
tabular data on composition and 
properties is included. 


37—REFRACTORIES: Booklet con- 
tains information helpful to plant 
managers, superintendents, design 
engineers, and kiln foremen in the 
ceramics industry. Norton Co. 


38—PLANT TOUR: Booklet issued 
by Bohn Aluminum & Brass Corp., 
takes a photographic tour of the re- 
search and manufacturing divisions. 
Extrusion, forging, and casting are a 
few of the highlights. 


39—X-RAY ANALYSIS: Two fold- 
ers showing actual charts made on 
X-ray analysis instruments are avail- 
able from North American Philips 
Co., Inc. Illium and Samarskite 
specimens were analyzed for ele- 
ments on the X-ray spectrograph. 


40—MICROSCOPES: More than 60 
different microscope models and ac- 
cessories are outlined in 28-pg guide 
issued by Bausch & Lomb Optical 
Co. Appropriate instruments for 
needs are described in pictures, 
tables, and texts. 


41—CONTROLLER: A new series 
400 Capacitrol has been made avail- 
able to industry by Wheelco Instru- 
ments Div., Barber-Colman Co. 
Technical data, operational diagrams, 
schematic drawings, and general 
information are contained in bulletin 
No. 9. 


WELDING ALUMINUM: The 
latest developments in the science of 
welding aluminum are described in 
book obtainable from Aluminum Co. 
of America. Torch welding, arc weld- 
ing, resistance welding, and pressure 
welding as well as quality control 
and safety are stressed. Tables in- 
clude physical properties of Alcoa 
alloys, alloy compositions, and 
strengths of certain type welds. 
Write on company letterhead to Al- 
coa, Public Relations Dept., 1501 
Alcoa Bldg., Pittsburgh 19, Pa. 


= 
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Street 


GLC GRAPHITE ELECTRODES help make the metals required 
for the manufacture of industrial equipment, large and small. 
The performance of GLC GRAPHITE ELECTRODES is unsur- 
passed in the processing of electric steels, foundry castings, 
ferroalloys and magnesium. Our facilities have been greatly 
expanded to keep pace with the growing emphasis on electric 
furnace steel production. 


ELECTRODE DIVISION 


Graphite Electrodes, Anodes, Molds and Specialties 
Sales office: Niagara Falls, N.Y. Other offices: New York, N. Y., Oak Park, Ill., Pittsburgh, Pa. 


Sales Agents: J. B. Hayes, Birmingham, Ala.; George O'Hara, Long Beach, Cal.; Great Northern Carbon & Chemical Co., Ltd., Montreal, Canada 


Overseas Carbon & Coke Company, Inc., Geneva, Switzerland; Great Eastern Carbon & Chemical Co., Inc., Chiyoda-Ku, Tokyo 


> 
a Ay 
7 
Great Lakes Carbon Corporation 
on Niagara Falls, Morganton, N. C. 


WO mighty industrial projects, in themselves 

symbolic of the surge of Canadian economic de- 
velopment, reached maturity this summer. Iron ore 
from the gray-green hills of Labrador-Quebec be- 
came a reality after years of exploration, planning, 
and building when Iron Ore Co. of Canada started 
shipping to eastern U. S. ports from Sept Iles. Al- 
most at the same time, on Canada’s west coast, Kiti- 
mat, the aluminum smelter in the British Columbia 
wilderness, poured its first aluminum ingot. 

Kitimat is an area that until a short time ago was 
inhabited by only a few Indians. Today, it repre- 
sents what may someday develop into a vast indus- 
trial center. Eventually, Kemano, the hydroelectric 
power project that made the smelter possible, will 
have a capacity of 2.24 million hp—largest ever un- 
dertaken by private enterprise. It will supply a 
smelter with an annual capacity of 550,000 tons of 
primary aluminum. Initial hydroelectric capacity 
will be 420,000 hp, producing some 91,500 tons an- 
nually. Thus far, three years and $275 million have 
been expended in the development of Kitimat- 
Kemano since the project was first announced Apr. 
21, 1951 by Aluminium Ltd., parent company of Alu- 
minum Co. of Canada. 

The Kemano powerhouse containing the three 
140,000 hp turbines is a gigantic cavern dug a quarter 
of a mile into Mount DuBose. Water dropping 2600 
ft through penstocks drive the turbines. One of the 
more spectacular construction feats was the driving 
of the 10-mile tunnel carrying water from the man- 
made Kenney Dam on Nechako River. 

The smelter is set in a broad river valley 400 miles 
north of Vancouver and 100 miles from Alaska. One 
advantage of the smelter is its proximity to tide- 
water. Tight construction schedules allowed no time 
for fill settlement. Thus, the one group of tall build- 
ings were constructed at a slight angle. As the fill 
settles the buildings will become perpendicular. The 
first section of the smelter is one half mile long. An- 
other two miles will be added when plans for the 
future are carried out. Pot lines and subsidiary 
buildings now are about 1230 ft long with a width of 
1000 ft. Ventilation fans are on the roof. Exhausts 
from pots meet at one main duct which carries 
fumes through gas scrubbers servicing two buildings 
at a time. 

Kitimat is a showcase for the growth of aluminum 
in the electrical and construction industries. Some 
15 million lb of the metal were used in the first stage 
of smelter and hydroelectric development. Alumi- 
num was used in the 275 kv switching structure 
and the smelter itself consists of a steel framework 
with aluminum roof and sidings. Aluminum bus 
bars are used exclusively at both Kitimat and Ke- 
mano. At various points in the installation flat bus, 
channel bus, tubular bus, and flexible bus are em- 
ployed. Huge amounts of bare aluminum cable are 
used in electrical equipment. Anode and cathode 
bus bars for all pots are aluminum. Powerhouse and 
smelter have extensive aluminum conduiting. Serv- 
ice wire running through the conduit is made of 
insulated aluminum. 

Helicopters helped lick one of the toughest prob- 
lems in the Kitimat-Kemano undertaking. Towers 
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that carry the 50 miles of transmission lines from 
Kemano to Kitimat were constructed, tested, and 
then broken into sections. The whirly birds carried 
the sections to strategic points along the route where 
crews reassembled them. 

The transmission system from the Kemano switch 
yard begins with two double-circuit tower lines 
climbing 1000 ft in the first 10 miles to a switching 
station. Power is then carried from the motor oper- 
ated selector disconnect switches by two single-cir- 
cuit transmission lines, reaching an altitude of 5300 
ft in 10% miles, to another switching station. The 
next stretch of line runs through Kildala Pass, 
where winter ice and snow conditions are treacher- 
ous. Rest of the way to the Kitimat terminal is 
covered by two double-circuit tower lines, with one 
five mile section running between 2000 to 3000 ft. 
Single-circuit tower lines running through the pass 
are 2.295 in. diam, and made of aluminum strands 
on a steel reinforcing core. Double-circuit tower 
lines are 1.545 in. diam. 

Bauxite for the Kitimat smelter comes from the 
company’s Jamaica properties, where it is reduced 
to alumina before shipment. Bulk alumina is brought 
through the Panama Canal and up the West Coast 
of North America to British Columbia. The British 
Columbia coast can be a mariner’s nightmare, with 
mountains that plunge into the sea, thick dangerous 
fog, and an extremely high tide. The smelter is 100 
miles inland on a fjord-like channel which ends with 
the delta at the mouth of the Kitimat River. The 
port is ice free the year round. 

The area between Ungava Bay and Sept Iles was 
once called “the land that God gave to Cain.” It is 
an unhappy and unpretty stretch of country, with 
gaunt, silvered skeletons of burnt spruce haunting 
the skyline. Timber grows even more sparse as one 
travels farther north. There is little that is green 
and except for the gray caribou moss there is little 
cover. Everywhere is water. This is the region 
where Iron Ore Co. of Canada has already proven 
some 417 million long tons of ore with an average 
analysis of 59.53 pet. Many other orebodies are still 
to be drilled. Deposits containing less than 50 pct 
iron are not included in reserves, although tremen- 
dous quantities of the lower grade ore are available. 
An article in JouRNAL OF METALS, April 1954, de- 
scribed Quebec-Labrador potential. 

Visitors to the country have been few since the 
time of Jacque Cartier in the 1530’s. Roman Catho- 
lic missionaries often touched around the rim of the 
long northeast coast that runs from the Gulf of St. 
Lawrence to Ungava Bay, but not until 1900 did the 
significance of this forbidding land penetrate to the 
outside world. That year, Albert Peter Low, a geol- 
ogist for the Canadian Government, wrote a maga- 
zine article which began: “The present high value 
of iron and steel, and the consequent activity in the 
search for and development of new sources of iron 
ore make this a fitting time to call attention to the 
ivon-bearing deposits of the Labrador Peninsula.” 
Three things were missing for development—fuel, 
power, and a railroad. 

In 1929 Canadian geologists discovered iron ore 
and mapped ore showings. In 1936 the Labrador 
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Mining & Exploration Co. was formed by Canadian 
interests. The Hollinger Consolidated Gold Mines 
Ltd. obtained an option to purchase control of the 
exploration group and also formed a new group, 
Hollinger North Shore Exploration Co. Ltd. M. A. 
Hanna joined forces with Hollinger in both explo- 
ration companies. By 1945, 12 deposits containing 
160 million tons of iron ore were discovered—back- 
ing Low’s early observations. There was no doubt 
that the ore was there —but it was some 320 air 
miles from tidewater on the Gulf of St. Lawrence. 

It was evident that the financial resources of any 
one company could not handle the project. The 
original Canadian concession companies and Hol- 
linger Consolidated Gold Mines, under the leader- 
ship of Jules R. Timmins, joined with Republic, 
National, Armco, Youngstown, Wheeling, and Hanna 
to form Iron Ore Co. of Canada. With George M. 
Humphrey as its head, the new company took over 
the job of raising the money, opening the country, 
and developing the ore. In addition to the financing 
provided by the partners, 19 American and Cana- 
dian insurance companies agreed to lend $150 mil- 
lion. On Oct. 2, 1950, a small steamer tied up at the 
old village pier at Sept Iles and unloaded the first 
construction equipment. J. H. Thompson is now Iron 
Ore Co. president. 

In four years the builders had to lay 357 miles of 
mainline railroad and construct the terminal yards; 
operate and maintain the largest civilian airlift in 
history; build and maintain base camps and way 
stations to house and feed 6900 men; construct dock 
facilities at Sept Iles large enough to receive raw 
materials as they arrived and to ship at least 10 mil- 
lion tons of ore a year; plan for and start construc- 
tion of two new townsites to house permanent 
employees; build two hydroelectric plants and trans- 
mission lines; and prepare open pit mines for oper- 
ation, constructing, crushing, screening, and loading 
equipment. All work had to be started and com- 
pleted at the same time. 

Muskeg country, bitter winters, and mountains 
harried construction. Yet, in December 1953, work- 
ing out of the ultimate railroad midpoint known as 
Oreway, track laying crews made more than two 
miles per day on 10 straight days in —30°F weather. 

Shipping season at Sept Iles is expected to be be- 
tween 200 to 240 days, and as many as six or seven 
ships will be loaded per day. Seven or eight million 
tons of ore will go by deep-water routes to Atlantic 
Coast ports. The rest will be transshipped to Great 
Lakes ports in carriers small enough to negotiate 
present canals along the St. Lawrence. When the 
Seaway is completed it will be possible to ship huge 
tonnages through an inland waterway, providing 
maximum protection during time of war. With the 
inaugural ceremonies at Sept Iles the operation 
started production about one year ahead of schedule. 


NE of the most fabulous annual reports to cross 
editorial desks in recent years has been turned 
out by the Arabian American Oil Co. Four-color 
reproduction is scattered liberally throughout the 
publication, leading off with pictures of the late King 


“Trends 


and present King of Saudi Arabia. Headings and 
type faces have been styled in a manner somewhat 
like a copy of the Rubaiyat. 

The use of Arabic and English versions make it a 
book without a back cover. Since Arabic is read 
from right to left, it starts where English normally 
ends. The idea has been carried to the point where 
both covers are the same except for difference in 
alphabet. The reports are identical down to the last 
color illustration. 

In recent years U.S. firms have shown increasing 
interest in producing reports that present the com- 
pany’s year-end position in a clearer light. It has 
lead to employment of some of the finest aspects of 
the typographical art. Much attention has been paid 
to use of illustration, good writing, and layout. Be- 
hind the move toward more lucid annual reports, at 
least in part, have been the Merit Awards presented 
by the Financial World, weekly business publica- 
tion. Requirements for an award weren’t too tough 
a few years ago, but the contest has been stream- 
lined in keeping with improved quality. Manage- 
ment has to turn out a really fine job in order to 
even achieve the first qualifying citation. Among 
the 114 companies that made the first step this year 
were 30 mining outfits. Kennecott Copper, which 
has been in the top group for some ten years, led the 
minerals parade. 


This 1000-ib capacity vacuum furnace has just been in- 
stalled at Utica Drop Forge & Tooi Corp., Utica, N. Y. 
Built by F. J. Stokes Machine Co., Philadelphia, the fur- 
nace is the largest ever constructed for melting and 
centrifugally casting high temperature alloys. Utica is 
using the unit to make high purity alloys of superior heat 
resisting qualities for turbine blades and disks in advanced 
jet engines. 
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Aicoa 
MILL PRODUCTS 


The most complete line 
in Aluminum 


Cuts Costs in Half; It's Faster 
to Machine and Easier 
to Handle 


YOUR ALCOA DISTRIBUTOR HAS ALCOA 
STANDARD WAREHOUSE ITEMS IN STOCK 


ALCOA ON TV brings the world to 
your armchair with “SEE IT NOW" 
featuring Edward R. Murrow, 
Tuesday evenings on most CBS-TV stations. 


Assembly and machining fixtures, jigs, forming dies, pattern 
plates and low-pressure molding dies for rubber and plastic 
cost only half as much when you make them from Alcoa® 
Aluminum Tool and Jig Plate instead of steel. 

Your savings start with the low cost of the material and 
mount rapidly through faster machining and the easy 
handling made possible by light weight. Alcoa casts Tool 
and Jig Plate in 11 different thicknesses from %"’ to 4” 
and makes it available to you from stock in any dimensions 
up to 48” by 96’. Fully normalized plate is machined on Fs 
both sides to hold thickness to +.010”. a 

Many manufacturers are turning to Alcoa Aluminum Tool . 
and Jig Plate for the major economies it affords. It’s another we 
of Alcoa’s Mill Products, the most complete line in Fal 


aluminum, designed to help you get faster production at if 
lower cost. Your local Alcoa sales office will provide detailed eo 
counsel from the world’s greatest fund of aluminum T. 
knowledge. Or write: ALUMINUM COMPANY OF AMERICA, * 


878- J Alcoa Building, Pittsburgh 19, Pennsylvania. 


ALCOA 
ALUMINUM, 


ALUMINUM COMPANY OF AMERICA 


Welding and Soldering : 
> 
| 
| 
| 
| 
| 
| 
| 
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HIGH GRADE STAINLESS, ALLOY AND RIMMING STEELS 


ELECTRIC 
MELTING FURNACES 


A Few of the Many 
Satisfied users of 
HEROULT FURNACES 


A. M. Byers Company 


the standard of 


American Steel Foundries 
Crucible Steel Co. of America 


marin efficiency and safety! 


Ohio Steel Foundry Company 

rf i Republic Steel Corporation Embodying the latest in mechanical and electrical equipment, ? 
ae mn ' Rotary Electric Steel Company these widely used furnaces are noted for their efficient per- % 
Company formance, safety, and low operating cost and maintenance. 
Vanadium-Alloys Steel Company 
ae We welcome an opportunity to help you select and install 


the furnace best suited to your particular requirements. 


NEW CATALOGUE NOW READ 


AMERICAN BRIDGE DIVISION, UNITED STATES STEEL CORPORATION 
Contains up-to-date information on Heroult Elec- GENERAL OFFICES: 525 WILLIAM PENN PLACE, PITTSBURGH, PA. 
tric Melting Furnaces — types, sizes, capacities, Contracting Offices in New York, Philedelphia, Chicoge, 


ratings, etc. Write Pittsburgh Office for free copy. Sen Franclece end other principal cities. 
United States Stee! Export Company, New York 
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-ently celebrated their 50th Anniversary and now tt 

retones its dramatic and enchanting h 
__ of Powered Flight over a fifty-year period. e The astound- 
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ERBERT Hoover, who is the prime example of 

one who has successfully served the technical, 
social, and political fields, and we hope will continue 
his efforts for some time, celebrated his 80th birth- 
day on August 10. Not too many people know that 
he holds the distinction of having been the only per- 
son ever elected to both the presidency of the United 
States, and the Presidency of the AIME. More seri- 
ously, he is a man who is capable of herculean tasks, 
and in his efforts to work for others has brought 
much credit upon himself. 

At his birthday celebration in the city of his birth, 
West Branch, Iowa, he delivered a speech that was 
not bipartisan by any stretch of the imagination. 
However, all political feelings aside, there was one 
passage in the speech that we feel is worth quoting 
to any American audience: 

“Among the delusions offered us by fuzzy-minded 
people is that imaginary creature, the Common 
Man. It is dinned into us that this is the Century 
of the Common Man. The whole idea is another 
cousin of the Soviet Proletariat. The Uncommon 
Man is to be whittled down to size. It is the negation 
of individual dignity and a slogan of mediocrity and 
uniformity. 

“The Common Man dogma may be of use as a 
vote-getting apparatus. It supposedly proves the 
humility of demagogues. 

“The greatest strides of human progress have 
come from uncommon men and women. You 
have perhaps heard of George Washington, Abra- 
ham Lincoln, or Thomas Edison. They were humble 
in origin, but that was not their greatness. 

“The humor of it is that when we get sick, we want 
an uncommon doctor. When we go to war, we yearn 
for an uncommon general or admiral. When we 
choose the President of a university, we want an un- 
common educator. 

“The imperative need of this nation at all times is 
the leadership of the Uncommon Men or Women. 
We need men and women who cannot be intimi- 
dated, who are not concerned with applause meters, 
nor those who sell tomorrow for cheers today. 

“Such leaders are not to me made like queen bees. 
They must rise by their own merits. America recog- 
nizes no frozen social stratifications which prevent 
this free rise of every individual. They rise by merit 
from our shops and farms. They rise from the 
thirty-five million boys and girls in our schools and 
colleges. That they have the determination to rise 
is the glorious promise of leadership among free 
men. 

“A nation is strong or weak, it thrives or perishes 
upon what it believes to be true. If our youth is 
rightly instructed in the faith of our fathers; in the 
traditions of our country; in the dignity of each in- 
dividual man, then our power will be stronger than 
any weapon of destruction that man can devise.” 


few months ago, the Aluminum Co. of America 

distributed a well prepared and informative 
booklet on Research at Alcoa. This 54 p. booklet 
gives a brief history of the company and its research 
laboratories, and describes the divisions of the lab- 
oratories. The major part of the brochure, and the 
part we were most interested in, was the section on 
Publications from the Laboratories. Alcoa points 


Drift of “hinge 
with pride, and justifiably so, to the achievements 
of the company, and offers the bibliography as a 
record of the company’s accomplishments and con- 
tributions to industry. As an example to others, we 
take the liberty of quoting the following lines: “A 
liberal publication policy has been an important 
element in establishing Alcoa’s leadership in the 
industry and has contributed to the professional 
prestige of its many scientists and engineers.” 

In going over the bibliography, it struck us that 
the AIME also played a part in the growth of alumi- 
num by acting as one of the major media for carry- 
ing important information to the technical public. 
We picked a few topic headings, and came up with 
the following statistics: Under the listing of Alumi- 
num Alloys, AIME published 19 pet; Constitution of 
Aluminum Alloys, 76 pet; General Metallurgy, 20 
pet; Heat Treatment of Al Alloys, 32 pet; Metallog- 
raphy, 27 pct; and Physical Properties, 27 pet. This 
was far and above that published by any other 
single organization or publication. 

ITTLE did we realize back in 1951 when we had 

the exclusive story on the Cavitron method of 
ultrasonic machining of hard metals, that the de- 
velopment would take the turn that it did. We have 
just come across articles pointing out the develop- 
ment and application of the Cavitron machine to 
“virtually painless and almost noiseless” dental 
drilling. 

Not the least of people we cannot stand are den- 
tists, including the so called painless variety. Per- 
haps we would have done well to discourage the 
makers of this infernal though efficient machine, 
perhaps even to sabotage its earlier models. And 
yet, if current reports are accurate, the way for a 
truly painless dentistry may have been paved, and 
we will be able to look back happily to the original 
article in which the ultrasonic method was found 
efficient and practical for drilling and shaping hard 
materials. We might even get so we could pass a 
dentist’s office without shuddering! 

E have long been familiar with the extracur- 

ricular exploits into the fields of dining and 
dancing of one of our AIME members. A report was 
carried by E. H. Robie in Drift of Things in the Sep- 
tember 1942 issue of MINING AND METALLURGY, and 
we carry a copy of the latest booklet on dining out 
in Manhattan that this expert puts out. Recently an 
article was published in the New York World Tele- 
gram and Sun, in which our associate in AIME is 
given the name of Professor Pi. It was a delight 
indeed to be able to see behind the anonymity, and 
recognize Dr. Robert Sosman, professor of ceramics 
at Rutgers University. 

Dr. Sosman has been publishing his booklet en- 
titled “Gustavademecum for the Island of Manhat- 
tan” for a good number of years, and the demand 
for copies has been so great that he has been forced 
to make a nominal charge (50¢ per copy, three for 
$1) to cover his printing expenses. We hope that 
this little publicity doesn’t embarrass him. If it 
should, it would be a poor way to repay him for all 
the pleasure we and our friends have had from the 
use of his eating guide, for which we would gladly 


have paid much more. 
74. S. Cohan 
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Ductile Iron Crankshafts cast at The Cooper- 
Bessemer Corporation's Mount Vernon, Ohio, 
foundry and machined at its plant in Grove 
City, Pa., for GMX-4 engines. The first of this 
model equipped with a ductile iron shaft was 
shipped in June, 1953. Cooper-Bessemer initi- 
ated development work on high test irons for 
crankshafts in 1935. Some mechanical proper- 
ties of ductile iron, compared with those of 
forged steel . . . traditionally used for crank- 
shafts .. . are shown below. 


HIGH 


Mechanical Properties, 
Wear Resistance 
and 
Castability 
make 


Comparati 


ve Properties 


Ductile Iron Forged Steel 


Tensile Strength............. 
Endurance Limit (Smooth bar) . 
Endurance Limit (Notched bar) 
Modulus of Elasticity......... 
Brinell Hardness ............ 


79,200 psi 80,100 psi. 
31,500 “ 35,000 “ 

20,750 “ “ 
22,600,000 29,000,000 
220 170 


Ductile Iron an Ideal Crankshaft Material 


Wouldn't you rather cast a crank- 
shaft than block forge it? 


Wouldn’t your costs tumble for 
every unit with bearings cored out, 
counter-weights molded on, and 
the entire piece cast within toler- 
ances that reduce machining to a 
minimum? 


And wouldn't the excellent cast- 


67 Wall Street, New York 5, N. Y. 


Name... 


The International Nickel Company, Inc. 


Please send me a list of publications on: DUCTILE IRON. 


ability, toughness, stiffness and ma- 
chinability of ductile iron bring 
you advantages like those brought 
to Cooper-Bessemer? 


Glance at the tabulation. You'll 
see a few reasons why Cooper- 
Bessemer concluded that ductile 
iron provides the best combination 
of properties offered by any mate- 
rial they have tested for crankshafts. 


__ Title 


The damping capacity of ductile 
iron is excellent ... less than that 
of gray iron, but far superior to steel. 
Especially valuable in crankshafts 
is the relatively high “notched en- 
durance limit” of ductile iron. And 
another outstanding property is its 
resistance to mechanical wear... 
under lubricated or non-lubricated 
conditions. 


Combining the process advan- 
tages of cast iron and the product 
advantages of cast steel, ductile iron 
has, actually, many applications. 


Send us details of your prospec- 
tive uses, so that we may offer a 
list of sources from some 100 au- 
thorized foundries now producing 
ductile iron under patent licenses. 
Request a list of available publica- 
tions on ductile iron ... mail the 
coupon now. 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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Journal of Metals Keporter 


Chibuluma Mines Ltd. is planning a cobalt treatment plant at Ndola, 
Northern Rhodesia, adjacent to the Ndola Copper Refineries, Ltd. 
Eventually, when equipment and facilities for the three stage 
process to be used is installed, cobalt metal will be produced. 
The first stage, electric smelting of Chibuluma mine concen- 
trates for a cobalt and copper product, is expected to be 
ready in 1956. Cobalt oxide will be produced in the next 
stage, with cobalt metal the product of the last step. In- 
vestment is expected to reach about $1.9 million. 


Sherritt Gordon was reported producing nickel at its Fort Sas- 
katchewan, Alberta plant at a rate of about 10 tons per day. 
The refinery, using a hydrometallurgical process, is expected 
to reach full capacity this fall. Byproduct output is expected 
to make nickel production the cheapest anywhere in the world. 


Reynolds Metals Co. is reported involved in talks with Frobisher 
concerning possible Reynolds participation in the prospective 
hydroelectric and aluminum development based on British 
Columbia water power. Frobisher has been granted water rights 
in the area in preference to Alcoa because the Canadian 

Government has banned the export of water for power. 


New titanium expansion goal announced by the Office of Defense 
Mobilization calis for 37,500 tons of processing capacity by 
1 - Certificates of necessity for amortization write-offs 
nee ax purposes in five years will be issued to qualified 

irms. 


Average starting salaries of engineering graduates are leveling 
off after spiraling for more than 10 years, according to a 

survey of starting salaries for June tosh taken by Illinois 
Institute of Technology. Engineering graduates with bachelor 
degrees, the survey indicated, are starting at $363 per month, 
about $1 more than the average for the 1953 class. 


Republic Steel Corp. is using the reflectoscope for ultrasonic 
testing of titanium. According to Republic, this is the 
first time a steel firm has used the sound echo technique 
on titanium. Internal flaws in samples affect the movement 
of the ultrasonic waves. Instruments on the reflectoscope 

reveal the existence of flaws and their location. 


Noranda Mines sulphur-iron plant is expected to be in operation 
this month, according to a company report. Meanwhile smelter 
production at Gaspe Copper Mines Ltd., is scheduled for early 
1955 operation. 


Chinese-owned tin mines in the Malayan States of Selangor and 
Perak are working the Pok Chau system, under which profits are 
shared on an even basis between the owner and the employees. 
Despite the fact that the plan cuts operating costs and offers 
a work incentive, authorities are reported frowning at the 

idea. Because the mine is in the hands of the workmen, safety 

is‘often ignored in attempts to get maximum production. 
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Resists the attack of acids 


(and alkalies, too!) 


Excellent resistance to nearly all forms of corrosion is the 
outstanding feature of Zirconium Metal. 


Now, availability in commercial quantities at a reasonable price 
points to practical and important uses. 


These uses are centered principally i in applications where 
Zirconium’s extremely high resistance to the attack 
of hydrochloric, phosphoric, certain mixed acids or 
the action of alkalies is essential. Other applications, 4; 
including alloying, are becoming more numerous as 
the metal becomes in better supply. 


Orders are being accepted for sheet, bars, wire, 
sponge, strip, briquette and tubing. By writing 
our New York City Office, you can obtain a 
brochure of properties and prices. 


TAM | 
PRODUCTS 


ZIRCONIUM METALS CORPORATION 
OF AMERICA 
Subsidiary of the Not | Leed C 
Executive and Sales Office: 
111 Broadway, New York City 
General Office and Works: 
Niagara Falls, New York 
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has since been dismantled. 


The Midvale Plant of U. S. Smelting, Refining & Mining Co. was originally constructed as a copper smelter in 1902. In 1904 a 
lead smelter was constructed and has been in continuous operation. Copper smelting was discontinued in 1908 and the plant 


Midvale Smelter Practice 
Modified for Two Shift Operation 


by Hugo L. Johnson and Casper A. Nelson 


NTIL recently the Midvale Plant was the only 
lead smelter operating its sintering machines 
and blast furnace on a two shift basis. However, the 
Tooele smelter of International Smelting & Refining 
Co. has also changed to a two shift operation. The 
Midvale smelter has operated its sintering plant and 
lead blast furnace on a two shift basis from 7 am to 
11 pm since early 1952. These departments have also 
been operated five and six days per week, depending 
on operating schedules. Obviously, continuous oper- 
ation would be much preferred but the two shift 
operation has been quite satisfactory. 
The Midvale Plant covers 783 acres of ground on 


H. L. JOHNSON and C. A. NELSON are Manager and General 
Superintendent, respectively, Midvale Plant, U. S. Smelting Refin- 
ing & Mining Co., Midvale, Utah. This paper was presented at the 
AIME Annual Meeting, New York, Feb. 15 to 18, 1954. 


the east bank of the Jordan River at Midvale, Utah, 
approximately 12 miles south of Salt Lake City." * 
The plant consists of a 1700 ton flotation mill for 
concentrating sulphide ores of lead and zinc by dif- 
ferential flotation to produce lead, zinc, and iron 
pyrite concentrates, and a lead smelter for the smelt- 
ing of ores and concentrates to produce base lead 
bullion. The smelter consists of one operating blast 
furnace, six Dwight-Lloyd machines and four wedge 
roasters, one to four of which are in use at any one 
time. The normal sinter charge consists of lead con- 
centrates, siliceous lead bearing ore, lime sand, and 
some byproducts such as flue dust and lead plant 
cleanings. 

The Dwight-Lloyd machines, six in all, are 42 in. 
wide with one 22 ft wind box each. They are op- 
erated at from 21 to 36 in. per min with 6 in. depth 
of bed on the second over and 5 in. on the first over. 
The charge usually averages about 7 pct moisture 
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and is fed on to the machine through a swinging 
chute. Finished sinter is produced at the rate of 
80 to 87 tons per machine day. Typical analysis of 
final sinter is given in Table I. 

In order to control the amount of elemental sul- 
phur entering the bags in the baghouse, the tem- 
perature of the gases leaving the wind boxes is kept 
at 400°F or above by keeping the boxes tight and 
using fine coke breeze as needed in the charge. 

The water-sealed wind boxes now being installed 
in the second over machines will differ from those 
now used by AS&R in that the bottom will be a 
separate pan with openings on both sides of the 
machine so that fines and shotted lead may be re- 
moved from either side. In order to make this pos- 
sible, the gases will be taken from the end of the 
wind box at the feed end of the machine. 

Of course, every effort has been made to reduce 
the startup and shutdown time, even though it has 
long been the practice at Midvale to shut down each 
weekend with a minimum of lost time. The watch- 
man on duty during shutdown periods takes care of 
cleaning conveyors, closing or opening dampers, 
firing ignition muffle, etc. With such details being 
taken care of, actual sintering can be started at the 
very beginning of the shift. With exception of time 
out for cleaning wind boxes (this will be reduced 
appreciably with water-sealed boxes on second over 
machines) sintering continues to within a very few 
minutes of the end of the afternoon shift. A normal 
sintering plant crew (three shifts) consists of 44 
men, and on a two shift basis, 30 men. 


One Shift Shutdown 

The blast furnace charge consists of 93 pct Dwight- 
Lloyd sinter, 1 pet oxidized siliceous ore, 2 pct lime 
rock and 4 pet scrap iron, and 9% pct coke. When op- 
erating on a three shift basis, the charge averaged 
about 575 tons per furnace day. However, since 
operating two shifts per day, certain changes have 
been made in the charge with the result that the 
average is as good or better per furnace day. One 
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A front view is shown 
of the new 58x180- 
in. all water jacketed 
blast furnace with 
settlers in the fore- 
ground. 


blast furnace is operated and a second furnace is in 
readiness as a standby. A furnace is usually in oper- 
ation for one year before it is taken out of service. 
A steel water-jacketed furnace is being constructed 
which will be 58x180 in. The old furnace is 48x160 in. 

Suspending blast furnace operations for one shift 
each day with a minimum loss of available operating 
time requires a reassignment of certain duties, but 
otherwise it is a routine matter. Since the procedure 
of banking the furnace requires several men and 
considerable time, it was found advantageous to 
continue the drossing operation on three shifts and 
to utilize the third shift in taking care of the various 
jobs, following cutting the blast and preceding the 
startup. Six men per shift constituted the drossing 
crew when on normal or three shift blast furnace 
operations. Upon going to two shift operations, in- 
stead of cutting off one dross furnace shift, the 


Interior view of the sinter machine building shows five of 
the six 42 in. x 22 ft sinter machines with gas fired igni- 
tion muffles. The first of these Dwight-Lloyd machines 
were installed in 1912 and two more were added in 1915. 


| 
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crews were reorganized to provide five men per shift 
when the blast furnace operates, and four men on 
night shift when no bullion is produced, but with 
added duties at the blast furnace. Fourteen men 
now handle the same tonnage of bullion, dross, and 
matte that formerly required 18 men. 

As the end of the second shift nears, the blast 
furnace column is dropped to 7 or 8 ft above the 
tuyere level. From 10 to 15 min before the end of 
the shift and after the last tap is completed, the 
blast is pulled. If no barring down is required, two 
ore charges are dumped into the furnace raising the 
column to approximately 12 ft above the tuyere 
level. The charge doors are opened and the flue 
damper closed to cut updraft to a minimum. 

The tuyeres are plugged with clay, the settler is 
prepared for the startup by tapping it down 9 in., 
and the gas burners are started. A settler cover, 
cast of crushed luminite cement brick, is used in 
place of the conventional slag crust cover because 
the slag cover would collapse under the intense gas 
flame. If the settler is to be changed, it is done by 
the night shift crew. If barring down is required, it 
is done by the night shift before dumping the 
charges prepared by the previous shift. 


Weekend Shutdown 


The procedure for the weekend shutdown of one 
to three days is the same as for an 8-hr bank except 
the tuyeres must be resealed with clay as the plugs 
dry out and shrink. When banking the furnace for 
four days or more, great care is taken to get a good 
rundown and to prevent leakage of air through the 
tuyeres into the furnace. The tuyeres are plugged 
with clay in the usual manner at the start of a long 
bank. Shortly afterward, the original clay plugs are 
removed and replaced with mechanical tuyere seal- 
ers which are protected from the hot charge with a 
fresh 2-in. clay plug. 

The sealers are modified 4-in. pipe test plugs 
whose soft rubber rings are compressed against the 
inside tuyere surface by use of a ratchet wrench. If 
a hot spot develops on top of the charge, in spite of 
all care taken in sealing the tuyeres and caulking 
between jackets, it has been found helpful to cover 
the charge with a few inches of granulated slag 
which acts as a top seal. 

The procedure in starting up on the day shift 
after the graveyard or weekend bank is as follows: 
The clay plugs are removed from the tuyeres ap- 
proximately one hour before the day shift comes on 
duty. The furnace charge doors, which have been 
left open to keep updraft to a minimum, are then 
closed and the damper to the blast furnace flue 
opened. The induced draft from the baghouse fan 
through the open tuyeres starts a slow rate of smelt- 
ing. The draft remains sufficiently low so that the 
molten slag level does not rise to tuyere level before 
the blast furnace crew comes on the job. As soon as 


Table 1. Typical Analysis of Final Sinter 


Percent 


An operator installs a mechanical tuyere sealer which 
is used in an extended bank of the blast furnace. 


the shift comes on duty the tuyeres are capped and 
the blast furnace blower started. The first slag is 
tapped in 10 to 15 minutes after the blast is on and 
the bullion starts flowing from the well in about 45 
to 60 min. The volume of air from the blower is set 
at about 1000 cu ft initially and then gradually in- 
creased to the maximum desired or about 7800 cu ft. 
With good furnace conditions the air pressure with 
7800 cu ft per min is about 44 oz. 

When the furnace is properly prepared for a long 
bank, combustion ceases and the fire eventually goes 
out, leaving sufficient coke to start smelting with 
little difficulty even after weeks or months down. 

Following a 16 to 18 day shutdown, such as is cus- 
tomary every year during plant vacations, one 
shift’s time is required prior to resumption of opera- 
tions to prepare the furnace for the return of the 
operating crew. The tap jacket is removed and a 
cavity is raked or bailed out back to the fourth 
tuyere on each side of the furnace. The cavity is 
packed with coke and the jacket replaced. Ap- 
proximately 10 gal of No. 1 fuel oil is pumped into 
the furnace through the slag tap hole just prior to 
the start of the shift. At the start of the shift, the 
oil is ignited through eight opened tuyeres and al- 
lowed to burn several minutes before the tuyeres 
are capped and the blower started at low volume. 

Volume is increased periodically and the tuyeres 
are opened one by one from the front to the back. 
The furnace is usually smelting at near normal rate 
before the end of the first shift. Al) tuyeres are 
usually opened within a span of 3 hr, and the lead 
well is flowing 12 to 14 hr later. 
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Scrap Report — 


URING the years following World War II, selec- 
tion and use of scrap in open hearth shops has 
been a continuing problem. The choice of preferred 
scrap became more limited in this period of greater 
scrap demand. 

Because the quality of incinerator and standard 
No. 2 Bundled scrap varied widely from shipment to 
shipment, investigations were conducted at Du- 
quesne Works of U. S. Steel Corp. to determine the 
metallic recoveries from bundled incinerator scrap 
and standard No. 2 Bundles. Data on the first two 
investigations are given in Table I. 

All test heats were melted in the Duquesne 7-ton 
electric furnace. Results determined from these 
experimental heats were: 

A—Heats made with bundled scrap had much 
higher sulphur, copper, and tin residuals than heats 
made with regular scrap. 

B—Sulphur, copper, and tin residuals in heats 
made with incinerator bundles were appreciably 
higher than corresponding residuals in heats melted 
from No. 2 Bundles. 


Table |. First and Second Investigations of Scrap Effect 
Using Electric Furnace Test Heats 


First Second 


Investigation Investigation 

Ne. of Ave Yield, Ne. of Ave Yield, 
Type of Scrap Heats Pet Heats Pet 
Incinerator Bundles 1 78.6 4 66.5 
No. 2 Bundles 1 92.4 4 77.0 
Regular Scrap 1 100.0 4 96.4 


C—Two and sometimes three back charges were 
required to get the desired weight of metal in the 
furnace on bundled scrap heats with a consequent 
longer heat time. 

D—Appreciable quantities of moisture, picked up 
by the bundied scrap during a period of wet 
weather, accounted for the generally lower yields 
experienced during the second investigation. A 
moisture determination of sample bundles from one 


G. G. MUELLER is Assistant Division Superintendent, Stee! Pro- 
duction, Duquesne Works, U. S. Steel Corp., Duquesne, Pa. This 
poper was presented at the AIME National Open Hearth Confer- 
ence, Chicago, Apr. 5 to 7, 1954. 
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Tests Emphasize Scrap Quality Control 


Incinerator Scrap and No. 2 Bundles 


Related to Adverse Heat Time 


by George G. Mueller 


car established that the bundled scrap contained ap- 
proximately 9 pct moisture. 

On the basis of the results of these two investiga- 
tions, a third trial involving 14 heats was conducted 


Table Il. Third Investigation of Scrap Effects Using 14 Electric 
Furnace Test Heats 


Mois- Residuals 
Heat ture, Yield, Melt — 
Ne. Type of Scrap Pet Pet Ss cu Sn 
1 No. 2 Bundles 2.5 87.5 0.123 0.40 0.094 
2 Detinned Bundles 40 93.4 0.033 0.10 0.067 
3 Detinned Bundles 18 96.9 0.027 0.12 0.060 
4 Incinerator Bundles 14 73.5 0.118 0.68 0.227 
5 Incinerator Bundles 8.1 66.0 0.180 0.32 0.600 
6 No. 1 Bundles 1.6 100.0 0.030 0.12 0.049 
7 No. 1 Bundles 1.6 91.9 0.023 0.09 0.013 
8 Incinerator Bundles 6.5 87.6 0.102 0.30 0.223 
9 No. 2 Bundles 6.9 82.0 0.095 0.36 0.114 
10 No. 2 Bundles 49 84.9 0.073 0.45 0.160 
ll No. 2 Bundles —- 85.4 0.084 0.54 0.067 
12 Selected No. 2 Bundles 0.0 86.2 0.089 0.80 0.100 
13. Selected No. 2 Bundles 0.0 93.1 0.077 0.68 0.113 
14 Heavy Melting — 94.3 0.115 0.27 0.034 


to obtain information concerning the metallic re- 
coveries to be expected from various types of bun- 
dled scrap. All of these heats were melted to a uni- 
form practice in the same 7-ton electric furnace. 
Each heat represented bundles taken from a differ- 
ent car. The selected bundles were kept under cover 
from the time they arrived at the plant until they 
were charged in the furnace to avoid moisture pick- 
up. Sample bundles from each lot were dried to 
permit determination of moisture content. Results 
of this trial are summarized in Table II. 

These results show the metallic recoveries from 


Table Ill. Average Results of the Three Investigations of Scrap 
Effects Using Electric Furnace Test Heats 


Mois- Residuals 

Type of No.of Avg Wt, ture, Ave Melt ——_——___. 

Serap Heats Lb Pet Vield Ss cu Sn 
Incinerator 

Bundles 8 718 3.1 71.5 0.151 046 0.320 
No. 2 Bundles 9 621 1.6 82.3 0.092 047 0.123 
Selected No. 2 

Bundles 2 447 0.0 89.7 0.083 0.74 0.107 
Detinned 

Bundles 2 727 2.9 95.2 0.030 O11 0. 
No. 1 Bundles 2 722 16 96.0 0.027 0.11 0.03 
Revert 3 97.6 0.032 0.08 0.010 


. — 
‘ 
— 


incinerator bundles and No. 2 Bundles are consider- 
ably lower than corresponding recoveries from re- 
vert or heavy melting scrap. The metallic recovery 
data for detinned bundles and No. 1 Bundles seem 
to indicate that these two types of scrap are desirable. 
The tendency toward higher sulphur, copper, and 
tin residuals in heats melted with incinerator scrap 
was again demonstrated. Residuals in these heats 
were somewhat higher than corresponding residuals 
in heats made from No. 2 Bundles and appreciably 
higher than the residuals in the heat made with 
heavy scrap. The detinned and No. 1 Bundle heats 
had relatively low residuals which further enhances 
their desirability. 
Of the 13 lots of bundled scrap only two inciner- 


ator bundle lots and one No. 2 Bundle lot showed 
moisture contents approaching the 9 pct value re- 
ported in the previous investigation. All of the other 
lots contained less than 5 pct moisture with the two 
selected No. 2 Bundle lots showing practically no 
moisture content. 

Results from all three investigations are summa- 
rized in Table III. These figures giving the relative 
metallic recoveries to be expected from incinerator 
bundles and No. 2 Bundles illustrate the probable 
effect upon all phases of open hearth operation. 
Heat time, delay time, yield, and the ability to make 
orders as scheduled are shown to be adversely af- 
fected by the use of incinerator or No. 2 Bundles, the 
degree being determined by the percentage charged. 


Ingot Yield Rises as Market 


Permits Greater Care in Scrap Selection 


CRAP quality and its effect on the production and 
grade of open hearth steel was evaluated by The 
Steel Co. of Canada Ltd. in a controlled investigation 
based on 1953 scrap purchases. Although scrap was 
in relatively short supply at the time the test heats 
were run, the results provide a comparison with the 
recent improved scrap situation. 

The direct result observed from increased scrap 
rejection in recent months has been a 2 pct increase 
in the average ingot yield. Other results have been 
a drop of 5 points or 14 pct in melting and final sul- 
phurs, decrease in the slag volume and the lime 
charge required, a 2.5 point or 34 pct drop in residual 
copper, and a 7 point or 39 pct decline in tin. 

Table I gives the ingot yield and the scrap makeup 
of the 60 pct hot metal heats. Three main character- 
istics of scrap that affect production were deter- 
mined from the tests. They were: A—Density or 
the ability to charge the furnace fast enough to use 
the maximum melting power, B—free surface ex- 
posed to melting, and C—contamination, which may 
give poor slag and residual conditions, thus affecting 
heat time. 

It can be deduced from the ingot yields given in 


Table |. Scrap Makeup and Ingot Yield of 60 pct Hot Metal 


Test Heats 
Lb Per Cu Ingot Yield, 
Group Charge Ft, Ave Pet, Avg 
1 Bloom mill crops 260 87.7 
f 20 pet 260 ib per cu ft scrap |} 
2 | 80 pct heavy melting scrap [ 52 85.6 
3 No. 2 Bundles (clean old scrap 121 82.9 


allowing 5 pct galvanizing) 


A. K. MOORE is Superintendent, Open Hearths, The Stee! Co. of 
Canada Ltd., Hamilton, Ontario, Canada. This paper was pre- 
sented at the AIME National Open Hearth Conference, Chicago, 
April 5 to 7, 1954. 


by A. K. Moore 


Table I that during the steelmaking process 6 pct of 
a mixture of heavy melt scrap and 12 pct of the 
weight of No. 2 Bundles will be lost. These losses 
are as compared to crop scrap. 


Heat Time 
Best average heat time was obtained from Group 
2 of the test categories. Although the scrap was 
lighter and the average charging time longer than 


Table Il. Average Analyses For Test Heats At Various Stages 


Melt Finish 
Group Sulphur Sulphur Copper Tin Nickel 
1 0.046 0.030 0.037 0.008 0.051 
2 0.049 0.031 0.064 0.016 0.039 
3 0.061 0.056 0.126 0.046 0.053 


in Group 1, the faster melting rate of the free melt- 
ing scrap produced 7.5 pct better heat time. 

On the other hand, Group 3, melting in about the 
same time as Group 1, required a considerably 
longer time to reduce the two point higher sulphur 
residual. Heat time was 4 pct longer than for Group 
1, and 11.5 pet longer than Group 2. 

It appears that the degree of contamination of 
scrap is a major factor in ingot production. 


Scrap and Steel Quality 

There can be little debating that heats requiring a 
minimum amount of furnace time to arrive at proper 
temperature and slag balance are less sibject to 
oxide and other inclusions. It follows then that 
if scrap quality affects the producing rate it must 
have a direct bearing on steel quality. In addition 
to this effect, scrap contamination produces higher 
average sulphur and tramp alloy residuals as shown 
in Table II. But again, the ability to tighten up on 
scrap inspection has resulted in greater cleanliness, 
better drawing quality, and reduced conditioning 
requirements for semifinished steel. 
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Aluminum sheet en- 
ters five-stand, 
four-high 100-in. 
continuous strip roll- 
ing mill, As the 
metal posses through 
each of the five 
stands it is progres- 
sively reduced until 
it emerges from the 
fifth stand approxi- 
mately thick. 


Recent Rolling Mill Practices 


Indicate Trend of Future Investigations 


NE of the major problems in rolling theory 
is the development of a reliable method of 
computing from basic data the pressure and power 
requirements for a variety of metals and product 
dimensions. There is an acute need for such a 
method especially in view of the many complex 
alloys and new metals which have acquired indus- 
trial importance. 

New materials must be assessed with regard to 
their rollability on existing mills. The amount of 
experimentation needed to produce sufficient design 
and operation data by this method is costly and 
should be reduced to a minimum. Similar problems 
also arise with the commoner materials when the 
market calls for new dimensions which are to be 
rolled economically on equipment already installed. 

This task has been only partly realized mainly be- 
cause the stresses and strains arising during rolling 
are enormously complex. Even in the relatively 
simple case of sheet and strip rolling when the de- 
formation is almost strictly two-dimensional (plane), 
attempts at analyses have only been modest. Never- 
theless, a. better understanding of the principles 
has brought out a number of positive results in so 
far as design and rational utilization of equipment 
are concerned. 

N. H. POLAKOWSKI is Research Manager, Armzen Co., Water- 
bury, Conn. This article is condensed from a paper presented at 
the AIME Eighth Annual New England Regional Conference, Hart- 
ford, Apr. 30 to May 1, 1954. 
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by N. H. Polakowski 


The modern theory initiated by Siebel some 30 
years ago has been substantially developed and im- 
proved since. Its mathematical forms, discussed in 
great detail by Underwood’ are too involved 
to be tackled here, but an elementary outline was 
given by Gensamer’ in an earlier AIME symposium. 
The total roll force was determined by the area of the 
specific roll pressure distribution diagram ABCDE 
given in Fig. 1. In order to construct it the initial 
and final thicknesses of the sheet must be known, 
its yield strength, diameter of rolls, and the coeffi- 
cient of friction between them and the metal being 
reduced. 

A decrease of the frictional coefficient, », results 
in a lowered total pressure on account of the smaller 
BCD area (friction hill). A smaller diameter roll 
will cause a decrease of both the ABDE and BCD 
surfaces because of the reduced contact length AE. 
A change of these two parameters in the opposite 
direction will naturally call for higher rolling pres- 
sures to perform an equal reduction of thickness. 

A metal can flow plastically under either tensile 
or compressive stresses or by a combination of both. 
Thus, an application of forward and rearward ten- 
sions t, and t, also reduces the overall pressure re- 
quired for a given draft. 

In Fig. 1 it can be seen that the idealized curves 
differ appreciably from those obtained experimen- 
tally." * The latter have no sharp peak, and the con- 
tact arc is longer than theory predicts because of 


the zones of elastic contact E along which the pres- 
sure is less than the yield strength of the material. 
These elastic effects can be allowed for by extending 
the main theory“ ° but this makes the already labori- 
ous procedure of pressure computation even more 
complicated. 

In order to satisfy the practical needs of everyday 
rolling operations, nomograms were recently devel- 
oped abroad® * which reduced the time required to 
compute a pass pressure from 60 min or so to be- 
tween 5 to 15 min. In the U. S., Dahlstrom de- 
signed a calculating device which enables the roll 
force to be evaluated in a few seconds from pass 
data, yield strength, and the coefficient of friction, 
», between the rolls and work. 


Friction and Lubrication 


Although the important influence of the coefficient, 
w, on the rolling process is obvious, it must be ad- 
mitted that very little is actually known about the 
manner in which friction varies along the contact 
length. For this reason, and also in order to sim- 
plify the otherwise hopelessly involved calculations, 
rolling theory generally assumes y» to be constant 
throughout. To evaluate it, a subterfuge is used. 
The roll separating force is measured, its value is 
inserted into the basic formula together with other 
known data, and yu is then found as the unknown 
factor. The values of » thus obtained vary from 
about 0.015 to 0.2 in cold rolling, and from 0.3 to 
0.8 in hot rolling, lower values being obtained with 
better lubricants and roll finishes. 

For predicting the roll force on the same or simi- 
lar mill under comparable conditions the procedure 
is reversed. 

High viscosity fatty products of vegetable or ani- 
mal origin are superior to mineral oils from the 
viewpoint of assisting cold reduction. Palm, castor, 
thick rape oil, lard, or tallow are all very effective 
cold rolling lubricants. However, the curves in Fig. 
2 show that when the metal is relatively thick, the 
effect of lubricants on roll pressure and elongation 
is quite insignificant. But as the screws are gradu- 
ally tightened in successive passes and the strip be- 
comes thinner, the surface active rape oil gives 
much larger elongations than the straight mineral 
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Fig. 1—Pressure distribution along contact face between 
material and rolls is shown based on theoretical and 
experimental data. 
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Fig. 2—Rolling tests on low carbon steel with different 
lubricants and rolling speeds show effects of lubricants on 
roll pressure and elongation. 


oil for the same screw settings. At the same time 
the roll pressures are considerably lower. 

In these tests, each of the two strips was divided 
after the third pass (8 x 10” in. setting) into three 
shorter pieces, and each of these was given two fur- 
ther passes at respectively 18, 40, and 100 fpm. It is 
apparent that an increase of rolling speed resulted 
in higher elongations. This speed effect’ is explained 
by the dependence of » on the rate of slippage be- 
tween the rolls and the metal being rolled.””” In 
commercial rolling this phenomenon is usually re- 
garded as a nuisance since the gage of the finished 
strip departs from the correct value during acceler- 
ation or slowing down of the mill.” ” 

In sheet and strip rolling, a lubricant that gives 
the maximum elongation and minimum roll pressure 
is not always satisfactory on other grounds. Highly 
efficient lubricants like palm or castor oil result 
in a silky, dull surface appearance. With these 
oils the roughness of such surface as revealed by a 
profilometer may increase rather than decrease dur- 
ing rolling, in spite of using smoothly finished rolls. 

In recently reported experiments” the surface 
roughness of a copper sheet increased from between 
14 to 16 to between 20 to 23 micro-in. after cold 
rolling between rolls with 9 micro-in. roughness and 
castor oil lubrication. Even worse results were ob- 
tained with brass and lanoline. Nevertheless, where 
high reducing power is essential, palm oil is used as 
a basic lubricant, for example tinplate rolling, or 
as an additive to the cooling compound as in alu- 
minum foil manufacture.” 

For bright surface finish, low viscosity mineral 
oils or kerosene are best since the high friction pro- 
motes shearing of the surface asperities and polish- 
ing of the material. 

Lead and copper coatings were occasionally ap- 
plied in cold reducing stainless stee] tubing on Rock- 
rite machines and an electrodeposited porous copper 
layer was used as a lubricant carrier in rolling of 
extra thin permalloy strips.“ 

Hot rolling of aluminum and magnesium presents 
tricky problems in view of the tendency of the rolls 
to become gradually coated with a layer of the metal 
being worked, this leading to rolling-in and flaking 
defects.” * No radical cure is known but a recent 
proposal advocates additions of fluoroborides to the 
cooling solution as a preventive means.” 


Tension Rolling and Automatic Gage Control 
As is already known, a lengthwise pull applied to 
a rod, strip, or tube, will reduce the compressive 
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Fig. 3—Innocenti in Italy has ao 23-stand stretch reducing 
mill for steel tubes down to % in. OD. The mill has a 500 
hp single drive with a maximum delivery speed of 600 fpm. 


effort needed for a specified reduction of section. 
Thus, at a fixed roll setting a mill will give more 
reduction when tension is applied or increased. This 
effect is widely utilized in rolling operations. 

Continuous wire rod mills are usually adjusted to 
develop a slight pull when the hottest metal is rolled. 
This prevents looping, and when the colder metal is 
coming in, the tension builds up automatically and 
assists in maintaining the correst diameter and form 
of the wire. Similarly, in the finishing trains of hot 
strip mills the increased tension tends to pull on 
gage the relatively cool and therefore harder tail 
portion of the strip thereby reducing the amount of 
thickening caused by the increased resistance to 
compression. 

Stretch reducing of tubes on continuous mills 
shown in Fig. 3 is another example of using tension 
to a technological advantage. Without interstand 
tension, the wall thickness can be reduced only by 
rolling the tube on a bar or mandrel. Otherwise, the 
compressive action of the rolls invariably causes the 
wall to thicken. By employing sufficient tension be- 
tween successive stands a 75 pct reduction of outside 
diameter and a simultaneous decrease of wall thick- 
ness by some 20 pct can be achieved. The ends of 
the tube are reduced without the aid of tension and, 
in effect, they are thicker than the central portion. 
These extremities are cropped off eventually, result- 
ing in a loss of finished production.” 

A similar problem arises in cold tandem mills 
where in addition to the scrap caused by absence (or 


Fig. 4—The Rohn type multi-roll cold strip mill at 
Sundwiger Eisenhutte, Maschinenfabrick Groh & Co., 
Germany, has work rolls 1.2 in. in diam and a strip width 
of 6 in. max. 
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loss) of tension during threading and clearing the 
mill, a quantity of overgage strip is produced during 
acceleration and slowing down periods. This phe- 
nomenon is due to the frictional speed effect which 
may be further amplified by certain features of 
electric drives and fluid-film main bearings.” 
Numerous attempts in recent years to combat 
these adverse changes by automatically increasing 
screw pressure or tensions as the strip thickness 
tended to increase, and vice versa, did not yield con- 
clusive results.” ™* However, they show some 
promise, especially in single-stand applications. 


Manufacture of Very Thin Strip 


Not so long ago only metals like tin, copper, alu- 
minum, or gold were regularly rolled to foil gages. 
The recent strides in electronics and related fields 
boosted the demand for light gage strip of silicon 
steel, permalloy, and other hard to roll alloys in 
thicknesses between 0.001 and 0.0001 in. Such di- 
mensions cannot be attained on ordinary mills with 
large work rolls because the very high ratio of con- 
tact length to strip thickness leads to an excessively 
high effective resistance to deformation. As shown 
by Hitchcock and Keller,' this cannot be overcome 
by merely tightening the screwdowns, and further 
rolling can be made possible only by employing 
sufficiently thin rolls in order to keep the aforesaid 
ratio relatively low. 

Rohn and Sendzimir multi-roll strip mills are 
particularly suited for this purpose since they can 
utilize very thin work rolls. In these designs, shown 
in Figs. 4 and 5, the slender work rolls are secured 
against deflections in the vertical and horizontal 
planes by pyramides of support rolls of gradually 
increasing diameters. The difference between the 
two types lies chiefly in constructional details. In 
the Rohn mill the exterior backing roll row consists 
of mantles rotating on stationary axles anchored on 
both ends in the mill frame, whereas in the Send- 
zimir the outside backing elements are split up into 
single roller bearings and the stationary axles are 
supported once more against the housing in the 
spaces between adjacent bearings. 

Because of their rigid structure coupled with 
power transmittal through backing rolls of rela- 
tively large diameter, the Sendzimir mills are well 
suited for rolling strips that are very wide in rela- 
tion to the work roll diameter. The latter may vary 
from 0.25 to 8 in., depending on the purpose of the 
installation. 

Four-high back-up driven cold mills are also used 
for rolling relatively thin strip. They can utilize 
work rolls of various diameters, for example from 3 
to 8 in., on the same machine. However, these mills 
may cause trouble when rolling wide strips with the 
thinner work rolls, when the ratio of strip width to 
work roll diameter is about 10:1 or so. In these con- 
ditions, the work rolls tend to bow out in the hori- 
zontal plane, mainly because of the differential for- 
ward and back tensions. This deflection makes it 
hard to maintain the correct strip shape. 

Dahlstrom” remedies this effect by slightly dis- 
placing the work rolls to a position where the resul- 
tant of all horizontal forces becomes zero. For this 
purpose these rolls are mouhted in a cradle which 
can be moved forwards and backwards by means 
of screws or eccentrics. 

The reducing power of small roll mills can be fur- 
ther enhanced by using tungsten carbide work rolls. 
This material has an elastic modulus over double 
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Fig. 5—Used to produce very thin strip the Sendzimir 
multi-roll cold strip mill has 0.25 in. diam work rolls and 
a strip width of 4 in. max. 


that of steel and, in accordance with Hertz’s law, it 
flattens less under pressure. Thus for equal drafts 
the contact length is less than with steel work rolls. 
The screw pressure is thereby reduced and the con- 
dition when further reduction is impossible is reached 
at a thinner gage. 

The high price of tungsten carbide rolls is partly 
because of the difficulty of producing perfectly 
sound blanks, free from pores and pinholes. Even 
small blemishes cannot be tolerated when extreme 
quality surface is required on the product. Grinding 
of carbide rolls is difficult but is rarely needed in 
view of the abrasion resistance of the carbides. 


Intermittent Rolling Methods 
In orthodox rolling the section of the material is 
reduced by means of rotationally symmetrical rolls 
which revolve about fixed axes and are in continu- 
ous contact with the metal during the entire pass. 
Several passes are usually required to achieve sub- 
stantial elongations. However, a very large reduc- 
tion can also be obtained in a single pass by subdi- 
viding the latter into many identical working cycles, 
each of them reducing a short length of the work- 
piece at a time. After each cycle, the material is fed 
forward a finite amount whereupon the cycle is 
repeated. The surface of the product may show, in 
effect, slight regular ripples calling for a finishing 
operation when a perfect smoothness is required. 
The classical pilger mill and the Rockrite machine 
for hot and cold rolling of tubing are well known 
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Fig. 6—Shop assembly of a Sendzimir hot planetary mill 
shows the 12'% in. diam support rolls each surrounded by 
20 work rolls of 2% in. diam. 


and widely used representatives of this class. An- 
other example is the reciprocating Krause mill” in- 
vented shortly before the last war but abandoned 
because of its low output. 

In the recently launched Sendzimir planetary mill 
shown in Fig. 6 the two large backing rolls are sur- 
rounded by many small diameter work rolls jour- 
nalled in annular cages and spaced equidistantly. 
The main motor drives the support rolls which in 
turn propel the work rolls through frictional contact. 

This mill is capable of taking pass reductions of 
the order of 90 pct or more, thereby rolling out bil- 
lets to sheet gages in a single pass. In view of the 
relatively large entry angle the billet cannot enter 


Fig. 7—North Star Machine Co.’s Norlindh 3-high roll 
stand with edging attachments was developed in Sweden. 


into the bite unassisted so that feed rolls or a 
hydraulic ram are provided on the entry side to 
push the billet forwards. 


Hot Rolling in Protective Jackets 

With certain metals, it is either advantageous or 
even essential to encase them in gas tight metallic 
containers for hot working. The purpose of such 
jacketing may be to protect the base metal from oxi- 
dation or other forms of contamination. Protective 
casing also prevents seizure of welding to the form- 
ing tools of metals which show such tendency when 
worked bare. The latter factor seems to be more 
important in extrusion than in rolling. Zirconium, 
for instance, must be sheathed for extrusion but not 
necessarily so for hot rolling .“” In rolling beryl- 
lium, jacketing is a necessity.” 

Metals rolled or extruded in jackets always show 
some surface roughness and the higher the require- 
ments regarding smoothness and flatness the thinner 
must be the sheath. 


SEPTEMBER 1954, JOURNAL OF METALS—957 


. 
er 
5 
ta 
| 
| 
att 


Fig. 8—On the left is the old and on the right the new 
5. K.F. mill stands. Both are 2-high stands and are of 
equal capacity. 


An interesting variety of this technique is used in 
the manufacture of large and thin titanium sheets 
from small size, arc melted ingots.” In this process 
the ingot is first converted into an intermediate gage 
sheet of about 0.060-in. thickness by a succession 
of forging, surface conditioning, and rolling opera- 
tions. The primary sheet is then sandwiched be- 
tween two mild steel sheets, reheated, and rolled to 
final gage, with intermediate doubling when neces- 
sary. 

The steel blankets not only protect the surface of 
the titanium metal but also allow rolling to lighter 
gages. Moreover, they act as heat accumulators so 
that the correct temperature of the interior is main- 
tained until rolling is completed. 


New Swedish Mill Designs 

Two novel mill stand designs were developed in 
Sweden after the war. Both are characterized by 
the absence of the frame-shaped housings which 
transmit the separating force in orthodox construc- 
tions. Instead, the roll chocks are tied up together 
by staybolts or drawbars shown in Fig. 7. 

The Norlindh stand is preassembled from two or 
three roll and chock sets in the roll-change shop and 
is afterwards inserted vertically into two upright 
posts which fix its position in the mill line. In this 
way, very compact two and three-high mills are 
obtained, and provision is made for equipping them 
with adaptors carrying edging rolls. 

In the S.K.F. design,” the two bearing blocks on 
each side of the rolls are tightened against each 
other by means of tension bolts or draw bars with a 
combined force that exceeds the maximum roll pres- 
sure foreseen. The preload acts to a large extent as 
if the two chocks were in one piece and the roll 
pressure is transmitted directly from the bearings to 
the connecting parts without passing through numer- 
ous adjusting screws, washers, etc. 

Rolling mills built on these principles are not only 
much lighter and more compact than standard type 
equipment as shown in Fig. 8, but are also con- 
siderably stiffer. Because of the greatly reduced 
number of elements which deform elastically under 
the mill load, the resilient extensions (spring) are 
small. Therefore, more accurate product dimensions 
may be expected. 

Conclusion 

It was not possible to cover in this discussion 

every aspect of the metal rolling art. In particular, 
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the very important advances in mill instrumenta- 
tion, controls, electrical equipment, and auxiliaries 
could not be dealt with. Also, no reference could be 
made to the application of rolling in the metal pow- 
der technology. Nevertheless, the examples given 
should be sufficient to illustrate the high standards 
of present day rolling techniques. 

Future progress is likely to be in the direction of 
converting some of the batch processes into fully 
continuous ones. Increased use of automation and 
further improvements in continuous casting should 
be particularly instrumental in this respect. 
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Manganese Modification of the Fe-S-O System 


by D. C. Hilty and Walter Crafts 


A qualitative pseudoternary solidification diagram for the Fe-S-O 
system modified by manganese is proposed and supported by experi- 


mental derivation of an isothermal section at 1475°C and substan- 
tially 1 pct Mn in the solid-metal phase. The solubility of oxygen in 
liquid iron containing 1 pct Mn and sulphur contents up to 0.9 pct 
has been measured at 1600°C and found to increase as the hor 


content exceeds 0.15 pct. 


S has been pointed out previously,’ all oxide and 

sulphide inclusions in steel, excluding mechan- 
ically entrained matter, result from modifications of 
the basic Fe-S-O system. Therefore, one method of 
attack on the problem of the mechanism of deoxida- 
tion and inclusion formation is to examine the in- 
fluence of deoxidizers on the Fe-S-O liquidus dia- 
gram. This approach has been adopted in work on 
the subject being carried out at the Metals Research 
Laboratories of the Electro Metallurgical Co. and 
has resulted in the postulation of types of solidifica- 
tion diagrams for the Fe-S-O system modified with 
common deoxidizers. This method has been of con- 
siderable assistance in interpretation of the factors 
affecting the formation of inclusions.’ 

For the most part, however, these diagrams have 
been highly speculative. They were constructed pri- 
marily by inference from the pertinent binary and 
ternary systems and from the appearance of inclu- 
sions produced by specific deoxidizers. Moreover, 
since the systems contain four or more components, 
simplifying assumptions and qualifications were 
necessary in order to permit their representation as 
modificatioas of the Fe-S-O diagram. Consequently, 
experimental confirmation of the type of construc- 
tion employed for these diagrams is desirable, and 
the present paper is concerned with such evidence. 

The addition of manganese to the Fe-S-O system 
was selected for initial investigation. Manganese is 
an important component of practically all steel and 
is, therefore, of fundamental interest. Because of its 
great affinity for sulphur, manganese has a more 
profound effect on the sulphide side of the Fe-S-O 
diagram than any of the other common deoxidizing 
elements. In addition, more quantitative information 
pertaining to the contiguous binary and ternary sys- 
tems involving iron, manganese, sulphur, and oxygen 
is available than for the other deoxidizers. 

D. C. HILTY and W. CRAFTS, Members AIME, are Technical 
Advisor and Associate Director of Research, respectively, Metals 
Research Laboratories, Electro Metallurgical Co., a division of Union 
Carbide and Carbon Corp., Niagara Falls, N. Y. 

Discussion on this paper, TP 3776C, may be sent, 2 copies, to 
AIME by Nov. 1, 1954. Manuscript, Jan. 11, 1954. New York Meet- 
ing, February 1954. 
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Fe(Mn)-S-O Solidification Diagram 

Many of the side diagrams of interest in connec- 
tion with this system are known. The Fe-Mn binary 
has been well established by several investigators;* 
the Fe-O system has been clarified by Darken and 
Gurry;‘ and FeO-Mn0O diagrams have been published 
by Herty,’ Andrew, Maddocks, and Howat," and by 
Hay, Howat, and White.” The Mn-O diagram does 
not appear to have been derived experimentally, but 
the portion of it that is of interest can be visualized 
easily from a consideration of the melting points of 
Mn and MnO and the fact that a broad miscibility 
gap must exist between them. The ternary Fe-Mn-O 
diagram has been discussed by Benedicks and 
Léfquist,” Wentrup,’ and by Kérber and Oelsen.” 
Experimental study of the Fe-Mn-O system has 
been carried out by Kérber and Oelsen and to a 
lesser degree by Chipman, Gero, and Winkler," Hilty 
and Crafts,” and others. 

On the basis of published information, then, an 
outline of the Fe-Mn-O liquidus diagram can be 
constructed as illustrated by Fig. 1. In this, as in 
all succeeding diagrams, transformations such as the 
A-y reaction in iron have been ignored for purposes 
of simplification. The arrows denote falling tempera- 
ture. The distinguishing feature of this diagram is 
the broad region of liquid immiscibility extending 


Fig. 1—Qualitative Fe-Mn-O liquidus diagram. 
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Fig. 2—Qualitative Fe-Mn-S liquidus diagram. 


completely across the diagram. It is intersected near 
the iron corner by the binary metal-oxide eutectic. 
No ternary eutectic is present. 

The Fe-S diagram has been described by Chipman’ 
and the FeS-MnS diagram by Wentrup.” As in the 
case of the Mn-O binary, the pertinent portion of the 
diagram for Mn-S can be visualized from the known 
melting points of Mn and MnS and the fact that the 
two have little solubility for each other in either the 
solid or liquid states. From his own researches and 
those of Oelsen, Wentrup” constructed a diagram for 
the ternary Fe-Mn-S system. 

An outline of the Fe-Mn-S liquidus diagram is 
shown in Fig. 2. It is notable that the Mn-S liquid 
miscibility gap extends into the diagram and almost 
completely across to the Fe-S side. Near its nose, the 
miscibility gap is intersected by the binary metal- 
sulphide eutectic that originates in the manganese 
corner and meets the other metal-sulphide eutectic 
and the FeS-MnS eutectic in a ternary eutectic 
located at low manganese and high sulphur contents. 

The Mn-S-O diagram, on the other hand, must be 
estimated almost in its entirety. A diagram for the 
MnS-MnO binary section has been published by 
Andrew, Maddocks, and Fowler,“ but, since the melt- 
ing point they reported for MnO was on the order 
of only 1600°C instead of 1785°C as it is now known 
to be, there is considerable uncertainty as to the 
reliability of their diagram. The investigation by 
Andrew, Maddocks, and Fowler did demonstrate, 
however, that MnS and MnO form a simple eutectic 
system. 

In the absence of other data, the composition and 
melting temperature of the eutectic in the MnS-MnO 
system can be approximated by thermodynamic cal- 
culation. If it be assumed that a liquid solution obeys 
Raoult’s law but that the solid solubilities of the 
components in each other can be neglected, it can 
be shown that for each component 

—RT,. InN = AS (T,, — T) [1] 
where R is the gas constant, T,, is the absolute melt- 
ing point of the pure substance, N is its mol fraction, 
AS is its entropy of fusion, and T is the equilibrium 
temperature on the absolute scale. By making such 
assumptions for the MnS-MnO system, the follow- 
ing equations can then be written: 


For MnO: — 4.575 x 2058 log N = 6 (2058 — T). 
[2] 


[3] 


For MnS: — 4.575 x 1893 log (1 — N) 
6 (1893 — T). 
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In these equations, the only uncertain data are the 
entropies of fusion of MnS and MnO. The entropy of 
fusion of MnO, however, is given by Kubaschewski 
and Evans” as approximately 6, and it seems reason- 
able to assume that the entropy of fusion of MnS is 
the same. By solving Eqs. 2 and 3 simultaneously, it 
can be calculated that the MnS-MnO eutectic may 
lie at approximately 40 pct MnO and 1230°C. Al- 
though admittedly subject to considerable uncer- 
tainty because of the assumptions involved, this re- 
sult seems adequate for the present purpose. 

By combining this calculated MnS-MnO diagram 
with the qualitative Mn-O and Mn-S diagrams men- 
tioned above, a qualitative liquidus diagram of the 
Mn-S-O system can be constructed as shown in Fig. 
3. It seems probable that the oxide and sulphide 
liquid miscibility gaps extend into the system, de- 
creasing in temperature until they meet. On the basis 
of temperature indications, the ternary eutectic prob- 
ably lies in the manganese corner as indicated. 

If the ternary diagrams illustrated by Figs. 1, 2, 
and 3 be combined with the Fe-S-O diagram,’ the 
four-component diagram reproduced in Fig. 4 may 
be obtained. This diagram is in reality a pyramid 
with the sides turned outward and down to the basal 
plane. It illustrates the relation the various limiting 
ternary sections bear to each other in the quaternary 
system and is of considerable help in the visualiza- 
tion of phase relations anywhere within the quater- 
nary system. For example, it is evident that as the 
manganese content of the system is increased, the 
oxide miscibility gap of the Fe-S-O system is soon 
met by a sulphide miscibility gap. Thus, the metallic 
and nonmetallic portions of the system are com- 
pletely separated by a region of immiscibility. With 
increase of manganese the origins of the metal-oxide 
and metal-sulphide eutectics shift from the non- 
metallic to the metallic side of the system so that 
they both intersect the miscibility gap. At very high 
manganese concentrations, the ternary eutectic also 
moves to the metallic side of the system. It is also 
clear that there is a quaternary eutectic at low 
manganese and high sulphur contents, although this 
eutectic cannot be indicated directly on the diagram. 

As a simplifying strategem facilitating the repre- 
sentation of complex systems of this type as modi- 
fications of the fundamental Fe-S-O system, the 
authors have found it convenient to emnloy a pseu- 


Fig. 3—Qualitative Mn-S-O liquidus diagram. 
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Fig. 4—Liquidus relations in the Fe-Mn-S-O system. 


doternary type of construction that considers the 
systems as if they were composed simply of metal, 
oxide, and sulphide. At the same time, in describing 
the phase relations, since the true components are 
recognized, there is no compromise with the phase 
rule. The limitation of such construction, of course, 
is that in quaternary and higher systems it is im- 
possible to indicate the specific compositions of all 
phases. Consequently, the diagrams are strictly qual- 
itative. Nevertheless, within their limited frame of 
reference, they are considered to be quite useful as 
aids to the visualization of phase relations during 
solidification. 

In Fig. 5 the authors’ Fe-S-O liquidus diagram 
has been reproduced on the metal-oxide-sulphide 
basis. Since this system is ternary, no serious com- 
plications are introduced and the diagram is quan- 
titative. It may be observed that the oxide side has 
been extended to magnetite rather than to wiistite. 
This was done because the wiistite-pyrrhotite sys- 
tem does not appear to be a true binary, and the 
quantitative diagram would have been incomplete. 
In postulating the subsequent qualitative modifica- 
tion of the diagram by manganese, however, mag- 
netite may be neglected; Fig. 5 adequately illustrates 
the metal-oxide-sulphide type of construction. 

Examination of Fig. 4 suggests that the greatest 
modification of the Fe-S-O system occurs when suf- 
ficient manganese is present so that the sulphur-free 
oxide phase and the oxygen-free sulphide become 
solid at the time metal begins to solidify. From the 
work of Chipman, Gero, and Winkler,” Hilty and 
Crafts” and Wentrup,’ this level of manganese is 
inferred to be approximately 0.3 pct in the liquid 
metal. Within the range of concentrations of interest 
in steelmaking, then, manganese above 0.3 pct ap- 
pears to modify the Fe-S-O system as follows: liquid 
miscibility gaps meet to form a continuous two-liquid 
region of immiscibility; the metal-oxide and metal- 
sulphide eutectics originate near the metal, intersect 
the miscibility gaps, and continue to the ternary 
eutectic; the beginning of the ternary eutectic is in 
the same relative location as the ternary eutectic in 
the Fe-S-O system. Consequently, the solidification 
diagram postulated for the manganese modification 
of the Fe-S-O system is as illustrated by Fig. 6. 

In Fig. 6, the metal-oxide and metal-sulphide 
eutectics intersect the miscibility gaps along AB and 
EF, respectively. It should be noted that the cusps 
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Fig. 5—Fe-S-O diagram on metal-oxide-sulphide basis. 


on the immiscible liquid region are not intended to 
denote phase changes, but are mainly a convention 
employed by the authors to indicate intersection of 
two miscibility gaps. CD indicates the plane of this 
intersection and is employed merely to emphasize 
the fact that compositions below the line precipitate 
sulphide-type nonmetallics while those above the 
line precipitate oxide from the same liquid phases. 

Since this is a four-component system, the eutectics 
are presumed to decrease in temperature as they 
cross the miscibility gaps. That is, point B in Fig. 6 
is not at the same temperature as A, and F is not at 
the same temperature as E, as would be required in 
a ternary system. If this presumption is correct, 
then at any temperature below the melting point of 
the metal, but above the disappearance of the two- 
liquid region, there should be a four-phase region 
of solid metal, solid oxide, liquid metal, and liquid 
slag, and a four-phase region of solid metal, solid 
sulphide, liquid metal and liquid slag separated by 
a three-phase region of solid metal, liquid metal, 
and liquid slag. The experimental results described 
below confirmed that these relations do exist. 


Experimental Procedure 
Aside from the obvious modifications with respect 
to materials, the experimental technique was iden- 
tical with that employed in the investigation of the 
OXIDE 


A 


METAL SULPHIDE 


Fe (Mn) - 
Fig. 6—Schematic Fe(Mn)-S-O diagram (Mn > 0.3 pct in liquid 
metal). 
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Fig. 7—Experimental isothermal section of the Fe(Mn)-S-O system 
at 1475°C. 


liquidus surface of the Fe-S-O system.’ Mixtures of 
MnS and MnO were melted in crucibles of iron con- 
taining 1.01 pet Mn. After holding at temperature 
for approximately 2 hr in an atmosphere of argon, 
the crucibles with their contents were quenched, and 
the melts then subjected to microscopic and chemical 
analyses. MnS was prepared by igniting powdered 
distilled manganese with a small excess of powdered 
sulphur. MnO was produced by hydrogen reduction 
of manganous oxalate precipitated from aqueous 
solution. The crucibles were machined from rod 
forged from ingots of electrolytic iron to which 
manganese had been added. The compositions of the 
various MnS-MnO mixtures as charged in the cru- 
cibles are listed in Table I. 

Since it was desired to investigate the system 
isothermally at a temperature only a little below 
the melting point of the metal, an effort was made 
to conduct most of the experimental runs at a tem- 
perature of 1475°C. This temperature, however, 
proved to be very near the top limit of the operating 
range of the furnace so that close control could not 
be achieved. As a result, the average temperatures 
at which most of the samples were held varied within 
a range of +10°C from 1475°C. Moreover, the operat- 
ing characteristic of the furnace-control system was 
such that a small amount of fluctuation occurred 
during the individual runs so that the average tem- 
peratures recorded for each sample also represent a 
range of +10°C from the recorded value. Subsequent 
evaluation of the experimental data, however, did 


Table |. Nominal Composition of Samples as Charged into 
1 Pet Mn-Fe Crucibles 


Mixture MaO, Pet Mn8, Pet 
Mi 50 50 
M2 33 67 
M3 17 83 
M4 10 90 
MS 5 95 
M6 40 60 
MT 100 -- 
MB 100 
30 70 
M10 37 63 
Mii 25 75 
mMi2 35 65 
38.5 61.5 
oMi4 27.5 725 
M15 31.5 5 
M16 45 
55 45 
60 
67 33 


not indicate that this amount of temperature varia- 
tion had a significant effect on the results. 


Experimental Results 


Most of the experimental melts separated into 
metallic and nonmetallic layers, a condition reflect- 
ing the presence of two immiscible liquid phases at 
the temperature specified. The results of chemical 
analyses and microscopic examination of samples 
from the various runs are tabulated in Table II. 
From these results, an isothermal partial section of 
the Fe(Mn)-S-O system at a temperature of 1475°C 
was constructed as shown in Fig. 7. In order to 
facilitate plotting of the data in a triangular dia- 
gram, the sum of the metallic components iron and 
manganese was employed as a single composition 
unit consistent with the metal-oxide-sulphide type 
of construction. It is emphasized that this diagram 
does not indicate specific compositions of individual 
phases except with regard to oxygen and sulphur in 
the liquid phases. The diagram is a projection of 
points from within the Fe-Mn-S-O quaternary 
pyramid, and many of the points do not lie in the 
same plane. 

The intersections of the three-phase with the 
four-phase regions were located approximately on 
the basis of microscopic evidence. Mixtures M1 and 
M17 contained a very small quantity of oxide that 
had not dissolved in the melt, so that it was con- 
sidered that the solid oxide boundary must lie 
slightly below these points. Mixture M4 contained 
a fair amount of undissolved sulphide while mix- 
ture M3 did not, an observation suggesting that the 
solid sulphide boundary should fall between these 
points. 

The compositions of the liquid-metal phase could 
not be established completely because of inadequate 
samples for thorough chemical analysis. Neverthe- 
less, the analyses that were obtained serve to dem- 
onstrate the relative location of this phase with re- 
spect to the conjugate slag phase. It is notable that 
the liquid metal contained on the order of 2% to 3 
pct Mn, while the solid metal (crucible) had a man- 
ganese content of approximately 1 pct. 

It would be expected that at lower temperatures 
the three-phase region, particularly, might expand 
toward the oxide-sulphide join. Such expansion is 
indicated by mixture M2 melted at 1400°C which 
still contained microscopic evidence of the three 
phases but was located at 67.8 pct Mn + Fe and 26.1 
pet S, well outside the three-phase region of Fig. 7. 
This expansion would be accompanied presumably 
by a restriction of the region due to enlargement of 
the four-phase regions, but no pertinent experi- 
mental results are available in this respect. 

It may be observed that the boundaries at the 
nonmetallic sides of the four-phase regions tend 
toward higher oxygen and sulphur contents than 
might be predicted from the stoichiometric compo- 
sitions of MnO and MnS. However, the data are 
consistent and careful examination of the samples 
by chemical, microscopic, and X-ray methods failed 
to reveal any obvious contamination or other factor 
that might account for this apparent discrepancy. 
It is considered that the deviation is real and reflects 
the probability that MnO and MnS, like wiistite and 
pyrrhotite, may contain more oxygen and sulphur, 
respectively, than is indicated by their formulae. 

Micrographs illustrating various regions in the 
experimental diagram are reproduced in Figs. 8 to 
13. Fig. 8 shows structures developed by the non- 
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Table Il. 
Chemical Analysis, Pct 
Slag Layer Metal Layer 
Temperature, 
Mixture °c Mn Fe Ss Mn Ss 
M1 1467 66.0 3.9 16.1 _ - 
M2 1475 64.2 5.0 25.2 2.97 0.31 
M2 1475 67.1 42 23.6 -- 
M2 1487 61.3 9.6 20.2 2.62 0.15 
M2 1482 65.7 5.3 23.1 -- _ 
M2 1400 67.0 08 26.1 -- 
M3 1468 62.6 43 28.9 _ 
M4 1468 61.6 2.8 32.1 -- — 
MS 1469 60.9 2.7 34.0 = -- 
M6 1468 67.2 3.9 21.8 - - 
M8 1450 -- - ~ 
M8 1476 -- 
M9 1482 67.2 3.2 24.5 - - 
M9 1476 67.2 3.5 24.6 
M10 1483 66.2 4.1 19.7 - 
Mil 1476 66.2 3.7 25.4 -- — 
M12 1478 67.1 4.6 22.9 
M13 1477 67.2 5.4 21.6 -- 
M14 1479 66.1 44 24.9 ao -- 
M15 1479 66.1 5.2 23.5 
M16 1482 66.8 34 19.0 
M17 1483 66.0 3.8 16.2 
M18 1483 67.4 3.1 13.4 -- - 
M19 1482 68.4 3.2 10.8 
M20 1482 69.2 3.1 84 -- -- 


Results of Samples Melted in One Percent Mn-Fe Crucibles 


None 


Very small 


Small 


Moderate 
Large 


Moderate 
Moderate 
Moderate 
Small 


Moderate 


Small 
Very small 


Very small 
Very small 


Relative 


Quantity 
of Metal 


Layer Remarks on Micro-observations 


Slag layer: Primary oxide, trace undissolved oxide, 
globules of metal in ternary eutectic. Metal layer: 
Transparent, globular inclusions. 

Slag layer: Primary sulphide in ternary eutectic. 
Metal layer: translucent, globular inclusions, some 
in network pattern. 

Slag layer: Primary sulphide needles in ternary eu- 
tectic. Metal layer: A few random globular inclu- 
sions and chainlike networks of fine, translucent 
particles. 

Slag layer: Primary oxide in ternary eutectic. Metal 
layer: Random globular inclusions and many fine 
globular and irregular inclusions in eutecticlike 
network. 

Slag layer: Primary sulphide needles in ternary eu- 
tectic. Metal layer: Very fine transparent inclu- 
sions in eutectic pattern. 

Slag layer: Primary sulphide and globules of metal 
in ternary eutectic. 

Slag layer: Primary sulphide and globules of metal 
in ternary eutectic. Metal layer: Random globular 
inclusions and many fine, transparent globular in- 
clusions in eutectic pattern; the larger random 
inclusions contained primary sulphide similar to 
slag layer. 

Slag layer: Undissolved sulphide and primary sul- 
phide in ternary eutectic. Metal layer: Random 
globular inclusions containing large amount of 
sulphide in small quantity of ternary eutectic; 
many fine globular and somewhat elongated inclu- 
sions, mostly transparent, in eutectic pattern. 

Slag layer: ndissolved sulphide and a little pri- 
mary sulphide in small amount of ternary eutec- 
tic. Metal layer: Random globular inclusions; 
many fine globular inclusions, some transparent 
and some opaque, in eutectic arrangement. 

Slag layer: Ternary eutectic. Metal layer: Random, 
semitransparent, globular inclusions. 

— Did not melt or sinter. 

Sample consisted of sintered sulphide. 
appeared to have occurred. 

Slag layer: Sintered sulphide. No liquid slag ap- 
peared to have been present at equilibrium. Metal 
layer: A few random globular inclusions; many 
fine inclusi possibly primary as well as eu- 
tectic. 

Slag layer: Primary sulphide in ternary eutectic. 
Metal layer: Random globular inclusions and a 
few fine globular inclusions in eutectic pattern. 

Similar to M9 above. 

Slag layer: Small amount of primary oxide in ter- 
nary eutectic. Metal layer: Random globular in- 
clusions; many fine globular particles, mostly 
transparent, in eutectic arrangement 

Slag layer: Primary sulphide in ternary eutectic. 
Metal layer: Random globular inclusions; patches 
of fine particles of eutectic appearance. 

Slag layer: Ternary eutectic. Metal layer: Random 
globular inclusions. 

Similar to M12 above. 

Slag layer: Primary sulphide in ternary eutectic. 
Metal layer: Random globular inclusions; many 
fine particles in eutectic pattern 

Slag layer: Primary sulphide needies in ternary eu- 
tectic. Metal layer: Globular and irregular inclu- 
sions in network; many fine particles in eutectic 
pattern. 

Slag layer: Primary oxide and globules of metal in 
ternary eutectic. Metal layer: Random globular 
inclusions of varying degrees of transparency. 

Slag layer: Small amount undissolved oxide, pri- 
mary oxide, and a few globules of metal in ter- 
nary eutectic. Metal layer: transparent random 
globular inclusions. 

Similar to M17 above, except 
oxide. 

Similar to M18 above, except more undissolved 


more undissolved 


Small 
Large 


Moderate 
Large 


Large 


Very small 
Moderate 


Small 


Small 


Moderate 


No melting 


more undissolved 


Small oxide 


Similar to M19 above, except 
oxide. 


metallic: phases and the liquid-metal phase during 
quenching of melts just within the oxide-rich four- 
phase region. Bearing in mind the fact that the 
crucible constituted the solid-metal phase, it is 
readily recognized that four phases, i.e., solid metal, 
solid oxide, liquid slag, and liquid metal were pres- 
ent at the experimental temperature. The highly 
transparent, globular inclusions precipitated by the 
liquid metal as illustrated by Figs. 8c and 8d are of 
special interest in view of their striking resemblance 
to the silicate types of inclusions commonly en- 
countered in silicon-killed steels. However, the sili- 
con content of these samples was observed to be less 
than 0.001 pct. Similar inclusions, of varying de- 
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grees of transparency, were observed over a wide 
range of sulphur-to-oxygen ratios. Their specific 
constitution could not be determined, but they are 
related presumably to the nonmetallic liquid phase 
which, when precipitated as small droplets in the 
metallic liquid, failed to crystallize under the con- 
ditions of the experiments. 

Fig. 9 is representative of the high oxygen side of 
the three-phase region of Fig. 7. In addition to ran- 
dom globular inclusions similar to those described 
above, large numbers of small inclusions in an ar- 
rangement strongly suggesting a eutectic formed 
during solidification of the liquid-metal phase as 
shown in Figs. 9c and 9d. 
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o—Sample M1, showing non- 
metallic phases. Undissolved 
oxide, primary oxide, drop- 
lets of metal in ternary 


c—Sample M17, showing 
liquid-metal phase. Random 
globular inclusions in metal 
matrix. X100. 


eutectic matrix. The light 
area at the right is the cru- 
cible wall. X100. 


Fig. 8—Structures in four-phase solid metal-solid oxide-liquid metal-liquid slag region near junction with three-phase 
region of Fig. 7. 


o 6 
a—Sample M2, 1487°C, show- c—Sample M2, 1487°C, show- d—Same as c. X2000. 
ing nonmetallic phase. Pri- ing liquid-metal phase. Ran- 
mary oxide in ternary eutectic dom globular inclusions and 
matrix. X100. eutecticlike inclusions in me- 

tallic matrix. X100. 


Fig. 9—Structures in oxide-rich portion of three-phase solid metal-liquid metal-liquid slag region of Fig. 7. 


a—Sample M6, showing c—Sample M6, showing liq- d—Same as c. X2000. 
nonmetallic phase. Ternary uid-metal phase. Random 

eutectic. X100. globular inclusions. X100. 


Fig. 10—Structures near point of maximum intersolubility of the two liquid phases in the three-phase region of Fig. 7. 


Figs. 10a and 10b illustrate the ternary eutectic parent that it lies in the vicinity of the intersection 
formed from the nonmetallic liquid in the region of of the oxide and sulphide miscibility gaps and close 
maximum miscibility of the two liquid phases in the to the Mn (Fe)O-Mn (Fe)S join, so that the relative 
region representing the intersection of the oxide and location assigned to it in the qualitative solidifica- 
sulphide miscibility gaps. Although the ternary eu- tion diagram, Fig. 6, appears to be confirmed. With 
tectic itself was not located specifically, it is ap- respect to the plain Fe-S-O system, the ternary eu- 
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>> 
b—Same as a. X2000. d—Same as c. X2000. 
bee 


. 


a—Sample M2, 1475°C, 


showing nonmetallic phase. 
Primary sulphide in ternary 
eutectic. X100. 


phide, globules of metal in X100. 
ternary eutectic. X100. 


c—Sample M2, 1475°C, 
showing liquid-metal phase. 
Random globular inclusions 
and eutecticlike inclusions. 
X100. 


Fig. 11—Structures in sulphide-rich portion of three-phase solid metal-liquid metal-liquid slag region of Fig. 7. 


a—Sample M4, showing b—Sample M4, showing liq- 
nonmetallic phases. Undis- uid-metal phase. Random 
solved sulphide, primary sul- and eutecticlike inclusions. 


e4 


c—Same as b. X2000. d—Sample M8, 1476°C, 
showing liquid-metal phase. 
Metal-sulphide eutectic in 


metal corner. X100. 


Fig. 12—Structures in four-phase solid metal-solid sulphide-liquid metal-liquid slag region of Fig. 7. Also, metal-sul- 


phide eutectic at very low oxygen content. 


tectic is shifted toward higher sulphur. It was ob- 
served that in the manganese-modified system the 
sulphur-to-oxygen ratio of the ternary eutectic was 
approximately 3.15 to 1, whereas the sulphur to 
oxygen ratio of the Fe-S-O ternary eutectic is 2.67 
to 1. The pronounced cellular structure evident in 
Fig. 10b is presumably indicative of solidification of 
the ternary eutectic over a range of temperature in 
this four-component system. No quaternary eutec- 
tic was observed, although it may have been present 
in a very small quantity. As shown in Figs. 10c and 
10d, the liquid-metal phase in this region precipi- 
tated random, globular, semitransparent inclusions 
but none of eutectic appearance. 

Fig. 11 is representative of the high sulphur side 
of the three-phase region of Fig. 7. As indicated by 
Figs. lle and 1ld, both globular and eutecticlike 
inclusions formed from the liquid-metal phase. 

Figs. 12a, 12b, and 12c show structures in the 
sulphide-rich four-phase region of Fig. 7. Again 
eutecticlike inclusions appear in tne metal layer. 

Fig. 12d illustrates the metal layer that was formed 
from a melt charged with substantially 100 pct MnS, 
so that oxygen was present only as an incidental 
impurity. It appeared that at the experimental tem- 
perature this sample consisted of solid sulphide and 
liquid metal in the solid-metal crucible, an observa- 
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tion suggesting a three-phase region lying close to 
the metal-sulphide side of the diagram. The inclu- 
sions shown in the micrograph, therefore, are pre- 
sumed to have formed as the result of a metal-sul- 
phide eutectic located near the metal corner of the 
diagram. 

The observations of eutectic-appearing inclusions 
in the metal layer of many of the samples are be- 
lieved to be of special significance. The presence of 
such a eutectic in samples from the high oxygen 
side of the three-phase region of Fig. 7, the absence 
of a eutectic in the region of maximum miscibility 
of the two liquid phases, and the reappearance of a 
eutectic at still higher sulphur contents are con- 
sidered to be strong evidence supporting the postu- 
late of metal-oxide and metal-sulphide eutectics 
originating in the metal corner and intersecting the 
miscibility gaps as shown in Fig. 6. The observa- 
tions further suggest that the temperature of the 
metal-oxide eutectic at low sulphur contents is 
above 1475°C. Since Sample M8, charged with 100 
pet MnS but heated to only 1450°C, failed to show 
any evidence of melting, it appears that the metal- 
sulphide eutectic originates on the metal-sulphide 
side at a temperature somewhere between 1450° 
and 1475°C when the solid metal contains on the 
order of 1 pct Mn. 
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as a. X2000. d—Same as c. X2000. 
ig 
A 


o—Sample M2, 1482°C, sul- 
phide needles in ternary 
eutectic. X100. 


Fig. 13—Needles in nonmetallic phase of compositions near 
sulphide/oxide ratio resulting in ternary eutectic. 


Curious needles similar to those observed in the 
previous investigation of the Fe-S-O system were 
noted also in the course of the present work, as 
shown in Fig. 13. These needles occurred when the 
composition of the nonmetallic phase was slightly 
higher in sulphur content than that necessary to 
produce the ternary eutectic. As in the previous in- 
stance, the specific identity and mechanism of for- 
mation of these needles are not known. However, 
their optical properties resembled those of MnS, and 
they apparently resulted from some solidification 
phenomenon probably induced by the quenching 
treatment. 

In order to illustrate the relations these phase re- 
gions (that have been established experimentally) 
presumably bear to other regions that must occur 
within the system, the qualitative isothermal sec- 
tion reproduced in Fig. 14 has been constructed. In 
this diagram the experimentally determined regions 
are outlined by solid lines. The other regions are 
those appearing to be most probable on the basis of 
phase-rule considerations. It is considered that this 
diagram is a useful adjunct to Fig. 6 in assisting 
with visualization of phase relations during solidifi- 
cation in this system. 


Solubility of Oxygen in Liquid Fe-Mn-S Alloys 
The limits of solubility of oxygen and sulphur in 
manganese-bearing liquid metal have been deter- 


METAL SULPHIDE 


Fig. 14—Qualitative 1475°C section of Fe(Mn)-S-O system for man- 
ganese contents in steelmaking range, but above 0.3 pct. 
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mined over only a part of the range. The relative 
location of the oxide miscibility gap in the metal 
corner of Fig. 6 was determined at 1600°C in liquid 
iron containing approximately 1 pct Mn. The ob- 
servations were made on a rotating furnace heat 
melted in a magnesia crucible under an atmosphere 
of argon according to a technique that has been de- 
scribed.” The melting stock employed was electro- 
lytic iron. Sulphur was added in the form of ferrous 
sulphide that had been prepared for the investiga- 
tion of the Fe-S-O system. Additions of ferric oxide 
were made to assure that the system was saturated 
with oxygen, and the manganese content was ad- 
justed to approximately 1 pct by the addition of 
high purity manganese metal. A small quantity of 
slag was present on the heat at all times. At the 
lowest sulphur content it was solid, and with in- 
creasing sulphur, it became very fluid. 

Oxygen analyses were performed by the vacuum- 
fusion method described by Hamner and Fowler” 
for high sulphur steels. The analytical results, listed 
in Table III, were plotted to give the oxygen solu- 
bility curve shown in Fig. 15. 

The apparent increase in oxygen solubility with 
sulphur at sulphur concentrations in excess of 0.15 
pct is notable. Presumably, at higher sulphur con- 
centrations than were attained in these experiments, 
the sulphide miscibility gap is reached; and the 
curve reverses its indicated trend, progressing 
around the miscibility gap to the metal-sulphide 
side of the diagram. The investigations of Sherman 
and Chipman” suggest that the isotherm originates 
on the sulphide side at a sulphur content on the 
order of 3 pet, but the available data are insufficient 
to permit more than general speculation as to the 
shape of the complete curve. For practical pur- 
poses, however, the curve of Fig. 15 is considered 
to be an adequate illustration of the effect of sul- 
phur on the deoxidizing ability of manganese within 
range of concentrations of interest in steelmaking. 


Summary 

In order to improve understanding of the mecha- 
nism of inclusion formation in steel, a study of phase 
relations during solidification in the Fe-Mn-S-O 
system has been made. On the basis of published 
information concerning the contiguous binary and 
ternary systems, it appears that with reference to 
the basic Fe-S-O system the introduction of manga- 
nese produces major modifications of the regions of 
limited miscibility and of the locations of the eutec- 
tics. A pseudoternary, qualitative, metal-oxide- 
sulphide solidification diagram representing manga- 
nese concentrations over 0.3 pct, but within the 
steelmaking range, is postulated. According to this 
diagram, metal-oxide and metal-sulphide misci- 
bility gaps extend into the system and join to form 


0. 10 
1600°C. 
0.87 -1.07% Mn 
0.05 avg. = 0,96%Mn 


0.05 0.10 0.20 0.50 1.00 
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Fig. 15—Effect of sulphur on the solubility of oxygen in liquid 
iron containing approximately 1 pct Mn. 
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Table Ill. Results of Rotating Furnace Runs to Determine Effects 
of Sulphur on the Solubility of Oxygen in Molten Iron 
Containing Manganese 


cocoons 


a continuous region of limited miscibility com- 
pletely separating the metal corner from the oxide- 
sulphide side of the system. The metal-oxide and 
metal-sulphide eutectics originate in the metal 
corner and progress into the diagram, intersecting 
the miscibility gaps and continuing on the other side 
to a ternary eutectic located near the intersection of 
the miscibility gaps and close to the oxide-sulphide 
side of the postulated diagram. 

Experimental support for this postulated diagram 
has been derived from an investigation of an iso- 
thermal section at 1475°C in the regions where the 
solid-metal phase contains on the order of 1 pct Mn. 
The presence of a four-phase solid metal-solid ox- 
ide-liquid metal-liquid slag region separated from a 
four-phase solid metal-solid sulphide-liquid metal- 
liquid slag region by a three-phase solid metal- 
liquid metal-liquid slag region was established, 
thereby confirming the postulate regarding the 
binary eutectics and the miscibility gaps. The loca- 
tion of the ternary eutectic was also observed to 
shift toward higher sulphur contents than in the 
plain Fe-S-O system. 

Limited observations on the solubility of oxygen 
in molten Fe-Mn-S alloys containing approximately 
1 pet Mn and up to 0.9 pct S at 1600°C suggest that 
the oxide miscibility gap of the Fe-S-O system is 
expanded by manganese. It was also indicated that, 
as the sulphur content exceeds 0.15 pct, the oxygen 
solubility begins to increase, rising from approxi- 
mately 0.033 pct at 0.15 pct S to 0.054 pct at 0.9 pct 
S. Additional observations are required, however, 
to locate the miscibility gaps more precisely in the 
metal corner of the diagram, particularly at higher 
sulphur contents. 
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OPPER sometimes is added to steel and cast iron 
as an alloying element to improve or impart 
specific properties. However, in some steels it exerts 
an impurity effect in impairing response to fabrica- 
tion by hot working and deep drawing. The resid- 
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a 
Tempera- Chemical Analysis 
ture, °C Mn, Pet 8, Pet O, Pet ; 
1600 0.010 0.031 
1603 0.045 0.032 ; 
1618 0.078 0.038 Rt: 
1603 0.145 0.030 ty! 
1596 0.26 0.034 xe 
1600 0.87 0.051 
1595 0.85 0.056 wl 
dy 
- 


ual-copper content in scrap is increasing slowly be- 
cause copper is not removed under the reducing 
conditions of the blast furnace or under the oxidiz- 
ing influences of the open hearth or bessemer. This 
increase in residual copper and the ill effects of the 
element in some respects make the problem of keep- 
ing it below a certain level an important one from 
metallurgical and economic viewpoints. 

A number of years ago thermodynamic calcula- 
tions’ were made concerning the possibility of re- 
moving copper from molten Fe-Cu alloys by treat- 
ing them with lead. This concept was based on the 
knowledge that iron and lead are almost completely 
immiscible in the liquid state, and on the belief that 
copper would distribute itself between these two 
solvents. The distribution of copper between the 
iron phase and the lead phase was calculated, as- 
suming ideal behavior. At the time these calcula- 
tions were made, the results were assumed to indi- 
cate that treatment with lead would not be a feasi- 
ble method of removing copper from an iron-base 
melt. However, it should be noted that two patents*”* 
on this approach have been granted, and that a 
Swedish paper‘ on this method of lowering the cop- 
per content of the bath has appeared very recently. 

The possible use of Na,S slags for lowering the 
copper content of molten Fe-Cu-C alloys is sug- 
gested by the known mutual solubility of Cu,S and 
Na.S. The Orford process for the separation of Cu.S 
and Ni,S, made use of the fact that the three sul- 
phides, Cu,S, Ni,S,, and Na,S, are mutually soluble 
at high temperatures. A patent’ has been granted 
concerning many aspects of the treatment of copper- 
bearing irons and steels with sulphide slags. 

An investigation of the reduction of the copper 
contents of molten baths of Fe-Cu-C alloys has been 
in progress for several months at The Pennsylvania 
State University. The results of the preliminary 
tests are given in Tables I and II. The melts were 
made using an induction furnace and were con- 
tained in graphite crucibles. 

Analyses of all heats before treatment were made 
on samples drawn from the bath into fused silica 
tubes. The final carbon and copper analyses in runs 


Table |. Results of Lead Treatment 


mate 
Tem- 
Analyzed Iron Analysed Iron 
Before Lead After Lead Before 
Ren Pet Pet Pet Pet Pet WteofPb/Wt Pb Addi- 
Ne. Cu c ce c Pb (Fe+Ca¢+C) ten, °C 
1 O67 3.86 026 431 0.052 1.18 1445 
2 O37 $3.54 0.08 431 0.017 2.26 1455 
O17 0.05 4.08 0.010 2.09 1573 
8 o21 2.76 0.07 3.73 0.035 1.66 1390 
9 O42 2.36 0.12 456 0.024 1.67 1405 
10) «67.17 2.27 1.86 421 0.017 1.53 1395 
a1 046 3.90 0.12 4.58 1.67 1420 
32 6848) «62.19 167 421 1.53 1470 


Table il. Results of Sulphide Treatment 


Analyzed Iron 


Analysed Iron 
After 


Before 


Run No PetCa Pet C Pet 8 PetCa Pet C Pet 
4 0.24 4.80 0.810 0.13 4.33 0.022 
15 0.17 4.73 0.260 0.08 442 0.022 
16 0.08 4a4 0.270 0.02 449 0.017 
17 0.03 447 0.190 <0.01 44 0.015 
18 0.77 4.78 0.530 0.10 4.39 0.026 
19 0.23 4.25 0.350 0.05 4.51 0.040 
20 0.17 4.55 0.280 0.04 4.50 0.034 
21 o44 3.91 0.290 0.13 445 0.051 
39 0.86 4.79 None 0.20 448 0.082 
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1 to 3, and 8 to 10 were made on samples pulled from 
the iron layer after the addition of lead; the final 
lead analyses in these runs were made on drillings 
from the iron-rich half of the ingot which was 
formed in each case by solidification in the crucible. 
In runs 31 and 32 the crucible with the entire melt 
was quenched in water while the contents were still 
molten, and all the final analyses were obtained 
from drillings. 

The results of the lead treatment (Table I) show, 
in every case, that the iron after treatment contains 
appreciably less copper than before treatment. 
However, there is considerable vaporization of the 
lead at these temperatures, and before any practical 
applications of lead for removing copper can be 
made, this difficulty must be overcome. It is felt 
that the relatively high efficiency of copper removal 
is due in large part to the calculated high-activity 
coefficient of copper in Fe-Cu-C alloys.‘ In fact, it is 
worthy of mention that the activity coefficient of 
copper in iron as calculated from the Fe-Cu phase 
diagram is 12." 

For the sulphide heats (Table II), the final 
analyses in the reported runs were made on drillings 
from the final ingot. Sulphur was added as iron 
(II) sulphide before the Na,S-slag additions in runs 
14 to 21, but no sulphur was added before the slag in 
run 39. The sulphur was added in the first eight 
runs to insure the formation of copper (1) sulphide, 
but the results of run 39 indicate that sufficient sul- 
phur escapes from the slag to form the copper (I) 
sulphide. There was a definite reduction in copper 
in all nine heats. It is possible that the copper is 
removed by a mechanism other than the formation 
of Cu.S and the transfer of this sulphide to the slag. 
This will be investigated in future work. 

Lead washing and solvent Na,S slags are two 
methods which can be used successfully to remove 
copper from high-carbon Fe-Cu-C alloys. These 
methods also might be successful in steel baths, al- 
though the activity coefficient of copper in Fe-Cu-C 
alloys, as calculated from equations which are ap- 
proximations, is lowered with decreasing carbon.‘ 
The experimental and practical difficulties in the 
two processes stem from the high vaporization of 
the lead and the foaming of the sulphide slag. More 
closely controlled experimental work with lead and 
sulphide slags and a general study of the behavior 
of copper in molten iron and steel is now in progress 
in the Div. of Metallurgy, The Pennsylvania State 
University. 
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Equilibrium Pressure Measurements Above ZnS from 680° to 825°C 


by C. Law McCabe 


The pressure of the gas in equilibrium with sphalerite has been 
determined in the temperature range of 680° to 825°C, using the 
Knudsen orifice method. A comparison of these experimental pres- 
sures with those calculated from thermal data and from other 
equilibrium measurements shows that the vapor above sphalerite is 
predominantly dissociated ZnS. Equations have been given for cor- 
rectly calculating dissociation pressures using the Knudsen orifice 
method. It has been shown that the experimentally determined 
pressure is the same, whether the zinc sulphide is sphalerite or not, 
or a mixture of wurtzite and sphalerite. 


ONFLICTING points of view appear in the lit- 

erature on the constitution of the vapor in equi- 
librium with solid zinc sulphide in the vicinity of 
800°C. By comparing the dissociation pressure cal- 
culated from thermodynamic data and the vapor- 
pressure determination of ZnS by Veselovski,' 
Lumsden* has concluded that the vapor consists 
largely of dissociated ZnS. Sen Gupta,’ however, 
concludes from his spectroscopic determinations that 
the vapor is largely ZnS molecules. In view of the 
fact that the thermodynamically calculated‘ dissocia- 
tion pressure is higher than that experimentally 
measured by Veselovski, it seemed in order to repeat 
Veselovski’s measurements. 


Experimental Procedure 

The method used for the determination of the 
pressures in this paper is the Knudsen effusion cell. 
The apparatus and procedure were described in a 
previous paper’ from this laboratory on the deter- 
mination of the vapor pressure of silver. The only 
difference is that the Knudsen cell in this work is 
made from platinum and there is no external cover 
around the cell. The cell is an ordinary platinum 
crucible of 2.2 cm top diameter with a capsule cover. 
It was thought that platinum might stand up at 
these temperatures to the solid and gaseous ZnS, 
since it was found that the weight of the platinum 
cell itself did not change appreciably on heating ZnS 
in it at the working temperatures. To insure that 
reaction of the zinc sulphide with the cell was not 
giving a false value, a stabilized zirconia cell was 
employed for check runs. Fig. 1 shows the com- 
parison, which is satisfactory. Veselovski’ previously 
had measured the vapor pressure of ZnS using a 
silica Knudsen effusion cell. On repeating his experi- 
ment in this laboratory, it was found that ZnS at- 
tacked the silica cell, giving it a marked frosty ap- 
pearance. This led to the belief that Veselovski’s 
results may be in error. Also, he was operating at 
pressures above the range ordinarily considered safe 
for the Knudsen method. 

C. L. McCABE, Junior Member AIME, is Member of the Stoff, 
Research Laboratory, Carnegie Institute of Technology, Pittsburgh. 

Discussion on this paper, TP 3792D, may be sent, 2 copies, to 
AIME by Nov. 1, 1954. Manuscript, Aug. 24, 1953. New York 
Meeting, February 1954. 
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The effusion rate was measured by weighing the 
cell before and after each run. The weight loss dur- 
ing heating to temperature and cooling down was 
measured and subtracted from the weight loss dur- 
ing the actual run. 

The zine sulphide used in this investigation was 
from two sources: Fisher cp grade, and a sample of 
pure sphalerite supplied by Mr. E. A. Anderson of 
the New Jersey Zinc Co. Before and after the series 
of runs with Fisher ZnS, X-ray analysis showed that 
both wurtzite and sphalerite were present. However, 
the ratio of sphalerite to wurtzite increased. All 
measurements were made below the transition tem- 
perature which has been reported® to be 1020°C. 

The data obtained in this investigation are tab- 
ulated in Table I. The pressure was calculated by 
the usual Knudsen formula’ on the assumption that 
ZnS molecules were effusing. From these data, using 
pure sphalerite in the platinum Knudsen cell, the 
vapor pressure of ZnS, in mm of Hg, as a function 
of temperature is given by the solid line in Fig. 1. 
The best straight line, as determined by the method 
of least squares, is given by 


14405 
108 Pins = — 


+ 11.032. [1] 
A comparison of these results with Veselovski’s 
shows that his results are about 50 pct lower. 


Discussion 

The vapor in equilibrium with solid zine sulphide 
in the temperature range of this study will consist 
of Zn, S., and ZnS mol, since other species of zinc 
and sulphur’ are relatively unstable. The question 
to be settled is whether or not ZnS is largely disso- 
ciated. The derivation’ which follows gives the 
method of calculating the pressure of zinc and sul- 
phur over solid ZnS, assuming complete dissociation, 
from Knudsen cell data. 

The free energy of the reaction 


2 ZnS(solid) — 2 Zn(gas) + S,(gas) [2] 

is given by 
AF°® = —RT In K = —RT In pp, [3] 
where p, is the zine pressure and p, is the sulphur 
pressure. If dissociation occurs in a closed system, 
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Fig. 1\—Open circle is log p,,, in this investigation, using a plati- 
num cell. Open triangle is log p,,, in this investigation, using a 
zirconia cell. Closed circle is log p,,, in this investigation, using a 
platinum cell; graphite is present. Closed triangle is log p,,.. ac- 
cording to Veselovski.' Dashed line is log p calculated from Eqs. 
1 and 11. Dotted line is log p calculated from thermal data. 


the total pressure, p, equals the dissociation pres- 


sure, p = p, + Pp. With p, = 2 p,. 
This leads to 
4p" 
4 
[4] 
In the effusion measurements, thermodynamic 
equilibrium between zinc vapor (pressure Pp,’ ), 


sulphur vapor (pressure p,), and solid zine sul- 
phide is established within the cell so that 


a" = [5] 


but the condition, p,’ = 2p,’, need no longer apply. 
The number of zinc atoms which pass through 


the orifice in unit time, denoted by n, is given by 


Ap, 


n, 
where A is a constant’ which is not dependent on 
species, and M, is the atomic weight of zinc. The 
corresponding equation for sulphur effusion is 


Ap, 


In the stationary state the relation between p,’ and 
p,’ is given by the conditions: n, 2n, and n, Ty, 
where h,, is the apparent rate of effusion of ZnS mol. 
Expressing p,’ and p,’ by n,, from these equations 
and inserting the expression for 4p’/27, there is ob- 
tained for the dissociation pressure from the rate of 
weight of material effusing, g. = NM. (M, + M,/2), 


970—JOURNAL OF METALS, SEPTEMBER 1954 


39x. M,'” 
2A (M, + M,/2) 

If zinc sulphide evaporated undissociated, its 
vapor pressure would be given by 


Jie 
9 
A (M, + 1/2 M,)*” (9) 
The true dissociation pressure is related to prs by 


( 3M,’ 3 M,'” ) 
p= Pus + M./2)" 
p => 1.22 Pros [11] 


Eq. 9 was used to calculate the open-circle points 
in Fig. 1. The dashed line represents p as a function 
of temperature calculated by Eqs. 1 and 11. The 
equation for the dashed line is 


14405 


p [8] 


Pzos 


[10] 


+ 11.118 - [12] 


log p = — 


Using data compiled »y Kelley’ and the heat of 
formation of sphalerite determined by Kapustinsky 
and Korshunov,” the dissociation pressure of spha- 
lerite can be calculated as a function of temperature. 
The linear form of this equation, for pressure in mm 
of Hg, which is valid in the vicinity of 1000°K, is 


13540 


+ 10.15 - [13] 


log p = — 


From a comparison of Eq. i3 with Eq. 12, it is seen 
that the dissociation pressures at 1000°K, calculated 
from the two equations, agree to within 25 pct, while 
the constants on the right-hand side of the equation 
are considerably different. Since the temperature 
range available was small, further comment on this 
point is not felt to be justified. The dotted line of 
Fig. 1 is the graphical representation of Eq. 13. The 
experimental data agree with Eq. 13 within the 
probable accuracy of AF°, +3 kcal, estimated for 
this reaction by Kubachewski." It is obvious that a 
calculation of the degree of dissociation of gaseous 
ZnS to Zn and S, from a comparison of the thermo- 
dynamically calculated dissociation pressure and the 
data obtained in this investigation is not warranted. 
The conclusion which was reached is that the data 
point to the vaporization of ZnS predominantly as 
Zn and §,." 

Further support of this last statement is found in 
the work of Pogorelyi,” who measured the effect of 
increasing the volatilization of ZnS when using 
hydrogen to sweep over ZnS as compared to the use 
of an inert gas. Using atmospheres as the unit of 
pressure, the equation obtained by Pogorelyi for the 
dissociation of ZnS is 


40585 


+ 21.012 - 


log pm" ps, = — 


This gives log p = —3.367 at 1000°K and —2.137 at 
1100°K, where pressure is in mm of Hg. These data 
are not plotted on Fig. 1 for reasons of clarity, but 
the author’s date and Pogorelyi’s agree well within 
experimental error. This agreement again confirms 
that the vapor above ZnS is largely dissociated. 
Some additicnal experiments were carried out to 
determine the effect of the presence of powdered 
graphite mixed with the sphalerite on the effusion 
rate. Assuming complete dissociation of ZnS, it was 
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Table |. Summary of Experimental Data 
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calculated that the weight loss should have been 
2.28 times as much with the graphite present as when 
it was absent. It was found that in the range of the 
experiments reported here there was no detectable 
difference in the weight loss of the cell whether or 
not graphite was present (see solid-circled point in 
Fig. 1 and fuller data in Table I.) This would indi- 
cate that the dissociation of ZnS was small and the 
vapor consists largely of ZnS mol. However, an 
examination of the data of Koref” shows that this 
result was obtained because of the slow reaction 
between sulphur vapor and the graphite. Further 
experiments are planned using this as a method of 
species determination of the vapor above sulphides 
which have dissociation pressures amenable to the 
use of the Knudsen method at temperatures higher 
than those used for ZnS in this investigation. 

Other experiments were carried out to determine 
the weight loss of the platinum Knudsen cell when 
a mixture of wurtzite and sphalerite was present. It 
was hoped that the wurzite would fix the pressure, 
and thus the difference in slope of log p vs 1/T 
would allow the heat of transition to be calculated. 
There was no detectable difference as seen from the 
data of Table I. Unfortunately, data are not avail- 
able to determine accurately what the difference in 
pressure should be, so that further discussion of this 
point is unwarranted. 


Summary 


1—Veselovski’s measurements of the pressure of 
the gas in equilibrium with ZnS has been repeated 
and his results have been found to be low. 

2—Equations have been derived to calculate, from 
Knudsen-orifice measurements, pressure of a sub- 
stance which vaporizes to form two gaseous species. 

3—The values obtained for the dissociation pres- 
sure of ZnS calculated from the Knudser-cell meas- 
urements reported in this communication agree with 
those calculated from thermal data and also with 
equilibrium measurements to within the estimated 
accuracy of these latter measurements on the as- 
sumption of no ZnS molecules in the gas phase in 
equilibrium with solid ZnS. 

4—An attempt was made to further substantiate 
this point by noting the change in apparent pressure 
with the introduction of graphite in the Knudsen 
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cell. This attempt was not reliable, since it was 
shown that the reaction of sulphur with graphite 
was too slow at the temperatures used. 

5—It is concluded that the vapor in equilibrium 
with solid ZnS is predominantly Zn and S.. 
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‘Ve 
Orifice Duration 
Run Area, of Run, Grams Pressure, | sd an 
Ne. 8q Cm Min Effused Mm Hg 
9 0.002045 1300 0.0124 0.00445 No “et 
; 10 0.002045 1270 0.0213 0.00785 No ey 
11 0.002045 2725 0.0131 0.00221 No ' 
12 0.002045 3625 0.0117 0.00147 No =a 
14 0.002045 1070 0.0306 0.0135 No ae 
15 0.002045 4185 0.0187 0.00205 No if 
22 0.002045 1285 0.0232 0.00851 No sf 
. 23 0.002045 1280 0.0260 0.00957 No es 
24 0.002045 1285 0.0212 0.00775 No iy 
25 0.002045 1055 0.0198 0.00959 No Sa 
26 0.002045 1086 0.0209 0.00905 Yes sy 
27 0.002045 1235 0.0197 0.00747 Yes ms 
28 0.002045 4210 0.0175 0.00190 Yes ig 
29 0.002045 7130 0.0063 0.000396 Yes sey 
30a 0.002045 1275 0.0229 0.00842 No in 
3la 0.002045 1170 0.0204 0.00820 No ack 
30 0.002045 6860 0.0158 0.00104 You nit 
31 0.002045 1190 0.0108 0.00422 Yes ee 
33 0.006282 1145 0.0368 0.00487 No a 
34 0.006282 1240 0.0370 0.00475 No ue 
35 0.007751 1065 0.0331 0.00381 No Ai 
37 0.007751 1688 0.0120 0.000580 No ie 
38 0.007751 1025 0.0153 0.00181 No wi 
39 0.007751 5800 0.0144 0.0001055 No ig 
40 0.007751 5580 0.0177 0.000374 No i 
41 0.007751 9960 0.0186 0.000218 No Bie 
42 0.002045 1230 0.0191 0.00725 No “a4 
at 
| Av 
\ Rd 


Technical Note 


URTHER study of data used in determinations of 
l—rates of diffusion of boron in austenite and 
2—-solubilities of boron in the a and y phases of iron 
and steel’ has provided an equation for the diffusion 
of boron in a iron. In brief, the previously published 
data were accumulated from the results of deboron- 
izing (and decarburizing) experiments carried out 
in the range of 700° to 1300°C. Diffusion coefficients 
(D,) for boron in austenite were calculated using 
the Grube solution of Fick’s law. However, only 
solubility values were estimated from the discontin- 
uous concentration-penetration curves, Fig. 1, which 
are characteristic of diffusion in two phases. 

Dr. Carl Wagner’ has recently provided a solution 
for calculating D values from penetration curves of 
this type as follows: 


Cus C, 
Cus 


Vay e” erf (y) [1] 


D = 2 
4y't (2) 


and 


where C,,,, C., C., and € have the values shown in 
Fig. 1. D is the diffusion coefficient, sq cm per sec; 
t is time of deboronizing anneal, sec; and y is a di- 
mensionless parameter. 

For a given diffusion experiment, the value of y 
can be readily obtained by graphical solution from 
a plot of y vs the right-hand part of Eq. 1. D may 
then be evaluated from Eq. 2. 

The application of this solution to previously re- 
ported results,’ of which excerpts are given in Table 
I, permits the calculation of diffusion coefficients for 
boron in a iron. 

On the basis of these meager data, it is tentatively 
concluded that the diffusion of boron in a may be 
represented by the equation 


D, on 10° [3] 


where R is the gas constant, cal x °C“ x mol”; and 
T is the absolute temperature, “°K. Although the 
frequency factor, 10° sq cm per sec, is admittedly 
several orders of magnitude higher than expected, 
the value of Q, 62,000 cal per mol, appears reason- 
able and is, in fact, very similar to that for the self- 
diffusion of iron. It is pertinent to mention at this 
point that the value of Q obtained for the diffusion 
of boron in austenite by means of the Wagner solu- 
tion is 19,000 cal per mol and is in excellent agree- 
ment with the value previously reported’ in the 


equation 
D, = 2x10" [4] 


which was determined by the application of the 
Grube solution to other data. The fact that de- 
termined constants A and Q in the equation 
D, = Ae’ were practically the same, independent 
of whether the Wagner or Grube solutions were 
used in determinations of D values, strengthened the 
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Diffusion of Boron in Alpha Iron 


by Paul E. Busby and Cyril Wells 


Coe 


BORON 


DISTANCE FROM END SURFACE (CM.)—> 


Fig. 1—Schematic concentration Pp 
fusion of boron in two phases. 


tration curve representing dif- 


Selu- Dexl® 
Test Time, Tempera- __ bility in a, & Sq Cm 
Neo. ur Pet B Cm per Sec 
0.0003 0.03 14 
12 97.8 751 0.0006 0.08 44 
13 17 835 0.0018 0.10 63 
14 17.1 850 <0.0035 0.035 _- 


authors’ belief that the computed values of D, 
(Table I) using the Wagner solution are reliable. 

The relative values in Eqs. 3 and 4 for the diffu- 
sion of boron in the a and y phases, respectively, 
suggest that boron forms a substitutional solid solu- 
tion in a iron and an interstitial solid solution in y 
iron. The same tentative conclusion has been 
reached by McBride et al.’ on the basis of relative 
solubilities, atom diameter, and the size of the in- 
terstitial hole in a and y iron. 

In connection with the data for test 14 listed in 
Table I, it is of interest to calculate the solubility of 
boron in a iron using the D value given by Eq. 3. As 
might be anticipated from the small movement of 
the interface in test 14, proper substitutions in Eqs. 
2 and 1 give a low value, approximately 0.0004 pct 
B, at 850°C. Apparently at 835°C (test 13) it is 
possible to obtain 0.0018 pct B, and at 850°C only 
0.0004 pct B into solution in the a phase before a 
second phase appears. These observations are con- 
sistent with the Fe-B constitution diagram proposed 
by McBride, Spretnak, and Speiser.* 
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Creep-Rupture Characteristics of Al-Mg Solid-Solution Alloys 


by Arthur W. Mullendore and Nicholas J. Grant 


Three aluminum alloys of 0.94, 1.92, and 5.10 pct Mg, prepared 


from very high puri 


metals, were tested at 500°, 700°, and 900°F 


in creep rupture. The degree of strengthening through solid-solu- 
tion alloying and the effects on the deformation characteristics and 
fracture were examined. The ductility of the alloys as a function of 
stress and temperature was closely followed. 


TUDIES of the creep process in pure metals in 

recent years have done much to expand the 
understanding of the fundamental deformation and 
recovery processes that contribute to overall creep 
behavior. In order that this knowledge may be ap- 
plied to commercial alloys, it is necessary to know 
the principles governing the effect of alloying on the 
mechanisms of creep. A limited amount of work has 
been performed in this field, but few investigators 
have attempted to follow the changes in particular 
creep mechanisms with alloying. Recently, studies 
of the effects of solid-solution alloying on the plastic 
properties of aluminum have been conducted by 
Dorn, Pietrokowsky, and Tietz,* Sherby, Anderson, 
and Dorn,’ and Sherby and Dorn." 

This paper presents the results of an investigation 
of the effect of solid-solution alloying of high purity 
aluminum with magnesium on the creep-rupture 
properties, and correlates these observations with 
changes in the creep mechanisms. This work is thus 
an extension of the creep-rupture observations of 
Servi and Grant*° and the deformation studies of 
Chang and Grant.” * 


Experimental Procedure 

Three alloys of aluminum containing approxi- 
mately 1, 2, and 5 pct Mg were tested. These alloy- 
ing additions are all within the solid-solubility limit 
at the testing temperatures.” The analysis of the 
materials is presented in Table I. 

The tests fall into two categories: 1—creep-rup- 
ture tests at 500°, 700°, and 900°F, and 2—structure 
study tests performed primarily at 700°F. Speci- 
mens of 0.160 in. diameter with milled flats for 
metallographic observations” * were utilized for the 
structure studies. 

All specimens were annealed in one step to give 
the desired grain size for the tests. Table II presents 
the annealing data and finai grain sizes. The speci- 
mens were polished electrolytically before testing 
with Jacquet solution (2/3 acetic anhydride, 1/3 
perchloric acid) at 25° te 30°C, and 15 to 20 v. 
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Table |. Analysis of Alloys Used in Creep-Rupture Tests* 


Elements, Pct 


Alloy No. Mg 


* The three alloys of aluminum and their analyses were furnished 
by the Aluminum Co. of America. 


Creep-rupture testing was performed under con- 
stant load with the apparatus previously described.‘ 


Results and Discussion 

Creep-Rupture Properties: The log-log plots of 
creep-rupture data are presented in Figs. 1 and 2. 
For these very pure single-phase alloys, the mini- 
mum creep rate and the rupture life both exhibit 
straight-line dependence on stress in this method of 
plotting as they have for commercial alloys” ” and 
for pure aluminum.’ Curve breaks, based on the use 
of straight-line segments, at 500°F have been found 
by metallographic study to correspond to a transi- 
tion from low to high temperature behavior and so 
represent zones of equicohesion. Specimens on the 
high creep-rate side of the break showed normal 
granular deformation processes whereas those on 
the low creep-rate side showed rapidly increasing 
grain-boundary sliding and migration with extensive 
evidence of intercrystalline cracking at 500°F. Two 
micrographs of the 0.94 pct Mg alloy, Fig. 3, show 
the increased participation of the grain boundary in 
the deformation process at 500°F with decreasing 
stress. In Fig. 3a is shown the structure of a speci- 
men which exhibits little deformation along the 
grain boundaries and failed transgranularly; in Fig. 
3b is shown the increased deformation along the 
grain boundaries at a lower stress for a specimen 
which showed appreciable intercrystalline crack- 
ing. The severity of intercrystalline cracking in- 
creased with increasing magnesium content at 500°F. 

Intercrystalline cracking disappeared in most of 
the specimens at 700°F and persisted only in the 
5 pct Mg alloy at high creep rates. At 900°F all of 
the specimens deformed with extensive grain- 
boundary participation, including extensive grain- 
boundary migration. None of the alloys at 900°F 
showed intercrystalline cracking. 
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‘ 
4 
1 0.94 0.002 0.007 0.004 0.000 0.000 is 
2 1.92 0.002 0.003 0.002 0.000 0.000 7 
3 5.10 0.002 0.002 0.004 0.000 0.000 Care 
tof 


Table I!. Annealing Data 


Annealing 
Tempera- 
tere, °F 


Annealing 


Alley Time, Hr 


Creep-Rupture Specimens 
0.94 pet Mg 1 
1.92 pet Mg 1000 

5.10 pet Mg 1000 6 


Flat Specimens for Metallographic Observation 
1 to 2 grains across 


3 0.9 mm average diameter 
3 0.9 mm average diameter 
0.8 mm average diameter 


0.94 pet Mg 1050 24 to 36 diameter of specimen 
1 to 3 grains across 

1.92 pet Mg 1050 36 to 48 diameter of specimen 
2 to 4 grains across 

5.10 pet Mg 1020 100 diameter of specimen 


Equicohesion zones as determined from the log- 
log plots at 500°F and confirmed by microexamina- 
tion are given in Table III. Equicohesion shifts, 
slightly, to higher strain rates and lower rupture 
time, but at markedly higher stress levels, as the 
percentage of magnesium increases, permitting the 
use of higher stresses at a given temperature with- 
out encountering intercrystalline cracking. 

The stress to rupture values shown in Fig. 4 are 
based on the data in Fig. 2 and on the results of 
Servi and Grant.‘ While the data for pure, 99.995 
pet, aluminum were obtained from constant stress 
tests, they offer an approximate basis of comparison. 
Comparable values at constant load would be some- 
what lower than those shown for the zero mag- 
nesium alloy content. Fig. 4 shows the strengthen- 
ing of aluminum from solid-solution alloying with 
magnesium. The gain through alloying is larger at 
500°F than at 700° or 900°F. The first 1 pct alloy 
addition results in the largest improvement in 
strength. 

An examination of the data was made to deter- 
mine the influence of grain-boundary deformation 
processes on the ductility. It must be emphasized 
that these ductile alloys, tested at constant load, 
often exhibited a very extensive third stage of creep 
which could not be entirely due to necking down or 
intercrystalline cracking. The rapidly increasing 
creep rate, rather, is due to stress intensification re- 
sulting from relatively uniform reduction of cross- 
sectional area. The phenomenon is illustrated in 
Fig. 5 by the creep curves of two of the 1.92 pct Mg 
specimens tested at 500°F. One of the specimens, 
2-III, had a very short rupture life of 0.055 hr at 
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Fig. 1—Log stress, log minimum creep-rate plot at 500°, 700°, and 
900°F for Al-Mg solid-solution alloys, compared with high purity Al.‘ 
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Fig. 2—Log stress, log rupture-life plot at 500°, 700°, and 900°F 
for Al-Mg solid-solution alloys, compared with high purity Al.“ 


8700 psi, and the other, 2-VIII, ruptured in 56.7 hr at 
3000 psi. Note that the time scale in Fig. 5 is gradu- 
ated in percentage of rupture life. Specimen 2-III 
shows the more commonly observed behavior, 
namely, a long fairly constant second-stage creep 
followed by a relatively short third stage of creep. 
Specimen 2-VIII has a very long third stage of creep 
which is quite typical of these alloys in the longer 
time creep-rupture tests at higher temperature. The 
phenomenon is exaggerated somewhat by the use of 
linear strain rather than a true strain ordinate, but 
is still very evident in the latter method of plotting. 
Because the elongation in this stage is large and ex- 
tends over a long time period, the final necking 
down prior to failure is not sharply evident in the 
creep curve. 

True elongations (elongation at end of second 
stage of creep) at 500°F are plotted vs rupture life 
in Fig. 6. There appears to be a maximum in the true 
elongation in the proximity of the equicohesive zone, 
after which there is a marked decrease. The true 
elongation at 500°F follows the pattern observed in 
the past for pure aluminum‘ and for several com- 
mercial alloys,*”” such that, when intercrystalline 
cracking prevails, 1—true elongation decreases with 
increasing alloy content, and 2—true elongation de- 
creases with decreasing stress (decreasing strain 
rate). At the higher testing temperatures, 700° and 
900°F, temperatures at which intercrystalline crack- 
ing did not occur, the trend of true elongation with 
increasing rupture life has not been definitely estab- 
lished but the change of true elongation with tem- 
perature is quite clear. Fig. 7 shows the average 
true elongation for all the specimens of each alloy 


Table 11. Equicohesion Transition at 500°F as a Function of Alloying 


Alley 
99.995 Pet Al, - 
from OOF 1.92 5.10 
Serviand Grant‘ Pct Mg Pet Mg Pet Mg 
Stress, psi 1500 3900 5800 9100 
Minimum creep 
rate, hr-* 0.03 0.06 0.07 0.1 
Rupture time, hr 50 4.7 28 14 
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a—Low temperature 
behavior, 5000 psi. 


Fig. 3—Surface-deformation patterns in 


Fig. 2.) X100. 


which were tested at each temperature. The average 
true elongation of ali alloys increases with tempera- 
tures above 500°F, a fairly unexpected behavior 
when viewed in the light of the behavior of more 
complex commercial alloys.*"™ 

The Al-Mg alloys also displayed an unexpected 
behavior as regards total elongation values, see Fig. 
8. Total elongation increased with temperature and 
at 900°F even increased with alloy content; whereas 
at 500°F the results were reversed. At 700°F the 
results are mixed. These results at 900°F are related 
directly to the occurrence of the long period of 
tertiary creep during which uniform elongation 
takes place. This observation corresponds to that of 
Sherby et al.’ who noted the continuance of uniform 
elongation beyond the point of maximum load in 
high temperature tensile tests of similar alloys. 
Each point represents the average total elongation 
of all the specimens of each alloy which was tested 
at each temperature. 

Structure Studies: In an effort to correlate the 
observations of increased strength and creep resis- 
tance with increasing solid-solution alloying, and to 
interpret the incidence of intercrystalline fracture 
at 500°F and its disappearance at 700° and 900°F, 


20,000 - 
0.1 HR - 500°F 
10,000 380% 
O.1HR - TOO°F 
4 425m 
| 1oonr- S00°F | 
350% 
| 
375% 
— 
100 HR - TOO°F 
= 
| 
1OOHR- 900°F 
150% 
100 | 
2 3 4 5 6 


PER CENT MAGNESIUM 


Fig. 4—Improvement in stress for rupture for 0.1 and 100 hr 
rupture life at 500°, 700°, and 900°F with increasing Mg 
content. Percentage values at end of each curve show in- 


crease in rupture stress compared to pure Al. 
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0.94 pct Mg alloy 


b—High temperature 
behavior, 2500 psi. 


tested at 500°F. (See 


and to explain some of the unexpected ductility 
variations, extensive studies of structural deforma- 
tion changes were undertaken. It was decided to 
compare the alloys at approximately equal strain 
and strain rates, bearing in mind that the stress 
level is at all times higher for the more highly 
alloyed materials. 

It should be kept in mind that the structure 
studies were performed on coarser-grained speci- 
mens than were used for the creep-rupture data. 
This permitted easier, clearer observations of the 
deformation taking place, and did not change the 
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Fig. 5—Two types of curves encountered in creep-rupture tests. 
These are for 1.92 pct Mg at 500°F, specimen 2-VIII at 3000 psi 
and 2-111 at 8700 psi. 
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SECOND STAGE ELONGATION (PER CENT) 
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Fig. 6—Second stage (true) elongation of Al-Mg alloys at 500°F 
vs rupture time. Arrows show position of equicohesive break in Fig. 2. 
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Fig. 7—Second-stage elongation (true) as a function of test 
temperature. Each value is the average of all tests at thot 
temperature for each alloy. 


nature of the deformation except in degree. The 
stresses and strain rates were approximately com- 
parable for the creep-rupture and the structure- 
study specimens. 

The first group of specimens selected for compari- 
son are listed in Table IV; they are for a relatively 
low strain rate of about 0.01 per hr. 

Figs. 9, 10, and 11 are typical of the structures 
observed throughout the specimens of group I. In 
these, as in all subsequent pictures, the stress axis is 
vertical. 


Table IV. Specimens for Structure Comparison at Low Strain Rates 


Greapt 


pera- Strain Stress, 


Tem Elenga- 
Mg, Pet ture, °F Rate, Hr-' Psi 


tion, Pet 
0.04 600 
1.92 . 660 
5.10 . 900 


(PERCENT) 


99.995 % AL 
09¢ % MG 
192 % MG 
510 % MG 


TOTAL ELONGATION 


500 700 900 


TESTING TEMPERATURE (°F) 
Fig. 8—Total elongation vs test temperature. Each value is 
the average of all tests at that temperature for each alloy. 
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Fig. 9, the 0.94 pct Mg specimen, shows a consid- 
erable amount of grain-boundary deformation with- 
out signs of marked deformation within the grains. 
A great deal of grain-boundary migration has taken 
place as is evident in grain II. A fold is seen in 
Fig. 9 at 2, resulting from the sliding of grain III 
along boundary 1. The fold is not sharp or long as it 
often is in pure aluminum for similar amounts of 
deformation. This is probably due to the greater 
strength of the alloyed grain. 

No significant structural differences were notice- 
able in the examination of the 1.92 pct Mg specimen. 
Extensive grain-boundary sliding and migration are 
shown in Fig. 10. That considerable grain-boundary 
sliding occurred is shown in Fig. 10 by the pattern 
of lines left on the surface by grain III before it was 
consumed. Where these lines cross grain boundary 
1, they have shifted as a result of sliding between 


Table V. Specimens for Structure Comparison at High Strain Rates 


Stress, Elonga- 


tion, Pet 


Specimen ra- Strain 


Tempe 
Ne. Mg, Pet ture,°F Rate, Hr Psi 


94 700 0.10 1600 3 
92 700 0.17 2300 3% 
0.12 3 


IF J 
2A 
3A 10 700 


grains II and IV. Subgrain patterns on the surface 
are visible. Close inspection of the texture of grains 
II and IV of Fig. 10 showed that the slip spacing was 
smaller in this alloy than in the 0.94 pct Mg alloy. 
Although no folds are shown, they occurred with 
about the same frequency as in the 0.94 pct Mg alloy. 

The 5.10 pct Mg alloy reveals more striking dif- 
ferences in creep behavior. Fig. lla shows the sharp 
reduction of grain-boundary migration as compared 
to Figs. 9 and 10. Only two boundaries, 1 and 4, 
show any appreciable migration. An interesting be- 
havior is exhibited by grain II, a nonequilibrium, 
four-sided grain. It was not consumed as would be 
expected from previous observations and surface 
energy considerations, but instead is growing. An- 
other case of unusual behavior is noted in Fig. 11b. 
Grain boundary 1 has migrated to position 2 without 
any migration of boundary 3 to maintain the low 
energy triple point. This was confirmed by re- 
polishing and etching. It is probable that 4 repre- 
sents a fold which acted as a terminus for boundary 
1. The wide black line running from top to bottom 
of Fig. lla is a reference scratch put on the speci- 
men before deformation. It shows, by its offset in 
grain I, the existence of considerable boundary slid- 
ing. Comparison of the texture of the grains shows 
that the slip-band spacing is finer with increasing 
magnesium because of the higher stress level neces- 
sary to produce equal strain rates. The widely 
spaced slip lines occurred during handling. Three 
folds, 2, 3, and 5, are shown in Fig. lla. Folds in this 
alloy were very short and broad, and they occurred 
with only slightly less frequency than in the 0.94 
and 1.92 pet Mg alloys. 

A second group of specimens tested at higher 
stresses, higher strain rates, are listed in Table V. 

Fig. 12 is typical of the 0.94 pct alloy. It shows 
concentrated deformation at and near the grain 
boundary with relatively slight grain-boundary 
migration. Fig. 12 is an intermediate structure be- 
tween those shown by Figs. 9 and 10 and the 500°F 
structures of Fig. 3 which resulted in intercrystal- 
line cracking. This heavy localized deformation is 
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Specimen 
Ne. 
2c 
200 
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Fig. 9—Typical defor- 
mation structure for 
0.94 pct Mg alloy at 
700°F and 600 psi, 
creep rate of 0.003 hr™'. 
X150. Area reduced 
approximately 30 pct 
for reproduction. 


a—Shows boundary mi- 
gration and folds. X100. 


Fig. 10—Typical de- 
formation structure for 
1.92 pet Mg alloy at 
700°F and 660 psi, 
creep rate of 0.01 hr”. 
X100. Area reduced 
approximately 30 pct 
for reproduction. 


b—Shows nonequilibri- 
um migration of bound- 
ary | to 2. X200. 


Fig. 11—Typical deformation structures for 5.10 pct Mg alloy at 700°F and 900 psi, 
creep rate of 0.012 hr’. Area reduced approximately 30 pct for reproduction. 


Fig. 12—Typical de- 
formation structure for 
0.94 pct Mg alloy at 
700°F and 1600 psi, 
creep rate 0.10 hr’. 
Note large fold oppo- 
site boundary 1. X100. 


shown in area 1. Slip spacing is extremely fine as 
may be seen by careful examination of the grain 
textures and is associated with the high stresses 
used in these tests. Again no marked differences 
were noticeable in the deformation structures of the 
1.92 pet Mg alloy, Fig. 13, as compared to the 0.94 
pet alloy at this strain rate. A large broad fold is 
noted in Figs. 12 and 13 which is typical of the de- 
formation structures where heavy grain-boundary 
deformation occurs without extensive grain-bound- 
ary deformation. 

A marked difference in the 5.10 pct Mg alloy, Fig. 
14, is again noted compared to the 0.94 and 1.92 pct 
alloys. Grain-boundary sliding and migration ap- 
pear quite erratic, being heavy along some bound- 
aries and very slight along other boundaries. In 
some instances considerable migration took place 
without the usual step-wise markings and with an 
undefinable structure within the migration zone, 
Fig. 13a, points 3 and 4. The folds‘ seen in this 
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Fig. 13—Typical de- 
formation structures for 
1.92 pet Mg alloy at 
700°F and 2300 psi, 
creep rate 0.17 hr.’. 
Note large fold. X100. 


specimen are short and the deformation within them 
diffuse. The grains generally have smoothly curved 
surfaces, suggesting that grain deformation is more 
uniform than in the lower alloyed materials. 

Of special interest are the subgrain boundaries 
noted in Fig. 14, since these types of subboundaries 
have not been observed in the other two alloys and 
in pure aluminum. See areas 2 and 5 in Fig. 13a, 
and 1 to 5 in Fig. 14b. It is not clear whether these 
markings represent migrated subboundaries, or 
deformation bands between subgrains, or kinks. 
These boundaries are fairly broad and are oriented 
parallel to the boundaries of the grains in which 
they occur. This may indicate that they are the 
result of a high shear stress parallel to the sliding 
grain boundaries. There is evidence that they oc- 
curred late in the deformation process. 

A comparison of group II specimens with group I 
will reveal a striking difference in behavior result- 
ing from an increase in strain rate by a factor of 10. 
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a—Note fold | and 
boundaries 2 and 5. 


Since the lower stress and strain rate of group I 
allow more time for recovery of strained grain 
boundaries via grain-boundary migration, the de- 
formation produced in that part of the grain ad- 
jacent to the grain-boundary region is much less 
severe and less concentrated. The decreased time 
available for migration at higher strain rates causes 
grain-boundary sliding to be more concentrated, as 
is evident by observation of the grain-boundary de- 
formation at 500°F, see Fig. 3. The formation of 
folds is more frequent and the folds are much longer 
at the higher strain rate at 700°F, probably because 
of the higher local stress imposed on the grain at 
the triple point. 

Figs. 15 and 16 are additional pictures of folds. 
These are some of the largest folds observed thus 
far and all occurred in a 1.92 pet Mg specimen de- 
formed at 700°F with a strain rate of 0.91 hr”. The 
micrographs illustrate the variations observed in the 
appearance of folds. Many appear to form entirely 
by slip as in Fig. 15. Here, it appears, a major slip 
plane was oriented in such a favorable position with 
respect to the locus of the triple point that it could 
by itself accommodate the sliding along the opposite 
grain boundary. Fig. 16 shows a fold which appears 
to be a kink band. Note that this fold is in a small 
grain on the edge of the specimen, so there was no 
restrictive effect of other grains on the fold forma- 
tion. Other folds normally observed appeared to be 
formed by a combination of slip and kinking. 


Summary 
A transition from low temperature to high tem- 
perature behavior occurs for the 0.94, 1.92, and 5.10 


Fig. 1S—A fold along 
slip elements in line 
with direction of slid- 
ing grain boundary. 
For 1.92 pct Mg alloy 
tested at 700°F, with 
creep rate of 0.91 hr’. 
X100. 
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Fig. 14—Typical deformation structures for 5.10 pet Mg alloy at 700°F and 2500 psi, 
creep rate 0.12 hr’. X100. Area reduced approximately 30 pct for reproduction. 


pet Mg alloys of aluminum at 500°F. The transition 
is indicated graphically by the usual breaks in the 
log-log plots of stress vs rupture life and minimum 
creep rate. The incidence of high temperature de- 
formation was supported by the true elongation 
data at 500°F. Metallographically, high tempera- 
ture behavior was evidenced by active and exten- 
sive grain-boundary deformation and by intercrys- 
talline cracking of all three alloys at 500°F. The 
intercrystalline cracking became more extensive 
with increasing alloy content at 500°F and the frac- 
ture of the 5.10 pct alloy was entirely intercrystal- 
line. 

At 500°F, the deformation along the grain bound- 
aries was heavy with restricted grain-boundary 
migration. The true elongation decreased with in- 
creasing alloy content and with increasing time at 
temperature. 

At 700°F intercrystalline cracking was practically 
nonexistent and both true and total elongation val- 
ues increased over those at 500°F. 

Extensive grain-boundary migration was evident 
as compared to observations made at 500°F. The 
grain-boundary behavior at 700°F was more like 
that observed in high purity aluminum. 

At 900°F the trend of behavior noted at 700°F 
was continued with no intercrystalline cracking. 
Grain-boundary migration was extremely extensive 
and true, and total elongation increased sharply. At 
900°F, contrary to the 500°F tests where recovery 
processes were restricted, the ductility increased 
with increasing alloy content. 

Of extreme interest was the observation that 
whereas high purity aluminum, 99.995 pct, never 


Fig. 16—A kink fold 
in a grain at a free 
edge of the specimen. 
For 1.92 pct Mg alloy 
tested at 700°F, with 
creep rate of 0.91 hr™’. 
X100. 
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showed intercrystalline cracking, an addition of 0.94 
pet Mg of high purity to this high purity aluminum 
brought about unquestionable evidence of inter- 
crystalline cracking. As soon as the temperature 
was raised, to 700°F, recovery processes became 
active via grain-boundary migration and subgrain 
formation to prevent intercrystalline cracking. 

Solid-solution alloying resulted in increased high 
temperature strength and creep resistance at all 
three test temperatures, but with bigger benefits at 
the lower temperatures and higher stresses. 

None of the modes of deformation and recovery 
noted in pure aluminum‘ disappeared upon alloy- 
ing up to 5.10 pct Mg, but there were definite 
changes in the extent of participation of some of 
these processes: 

1—Grain-boundary migration was markedly af- 
fected at 500°F, and resulted in intercrystalline 
cracking. 

2—Grain-boundary sliding is still a fundamental 
mode of high temperature deformation. 

3—Folds occurred in all alloys but were sensitive 
to changes in strain rate and temperature. They be- 
came shorter and less sharp with increasing alloy 
content. The reduction in frequency was slight. 
Folds were longer and sharper with increasing grain- 
boundary deformation and where grain-boundary 
migration was confined. Folds were noted to be 
combinations of slip and sharp bending of the lattice. 

4—Extensive kinking was rare in these alloys. 

5—No systematic study of substructure was made 
but such structures were readily evident. A sub- 
grain boundary of an unusual type was noted in the 
5.10 pet Mg alloy at 700°F. 


Acknowledgments 


The authors wish to express their appreciation to 
the Aeronautical Research Laboratory, Wright Air 
Development Center for sponsorship of this re- 
search under United States Air Force Contract No. 
AF 33(038)-23281, and to the Aluminum Co. of 
America for supplying all of the aluminum alloys 
and their spectrographic analyses. 


References 


‘J. E. Dorn, P. Pietrokowsky, and T. R. Tietz: Trans. 
AIME (1950) 188, p. 933; JournaL or Metats (July 
1950). 

*O. D. Sherby, R. A. Anderson, and J. E. Dorn: 
Trans. AIME (1951) 191, p. 643; JouRNAL oF METALS 
(August 1951). 

*O. D. Sherby and J. E. Dorn: Trans. AIME (1952) 
194, p. 324; JouRNAL oF Metats (February 1952). 

‘I. S. Servi and N. J. Grant: Trans. AIME (1951) 
191, p. 909; JouRNAL or Metats (October 1951). 

*I. S. Servi and N. J. Grant: Trans. AIME (1951) 
191, p. 917; JouRNAL or Metats (October 1951). 

*H. C. Chang and N. J. Grant: Trans. AIME (1952) 
194, p. 619; JouRNAL oF METALS (June 1952). 

"H. C. Chang and N. J. Grant: Trans. AIME (1953) 
197, pp. 305-312; JouRNAL or MeTats (February 1953). 

*E. H. Dix, Jr. and F. Kellar: Trans. AIME (1929) 
83, p. 351. 

*N. J. Grant and A. G. Bucklin: Trans. ASM (1950) 
42, p. 720. 

“N. J. Grant and A. G. Bucklin: Trans. ASM (1953) 
45, p. 151. 

"S. Dushman, L. W. Dunbar, and Huthsteiner: Jour- 
nal of Applied Physics (1944) 15, p. 108. 

“E. Orowan: Nature (1941) 147, p. 452. 

“W. Kauzmann: Trans. AIME (1941) 143, p. 57. 


Precipitation of Iron Oxide from Alpha Fe-O Solid Solutions 


by A. U. Seybolt 


Precipitation of FeO from Fe-O solid solutions has been studied 
by ee methods. Such precipitation, which is visible, is 


composed 


argely of barely resolvable spheroidal particles. No 


metallographic evidence has been found for grain boundary oxide 


films. 
granular penetration. 


N an earlier communication’ dealing with the solid 
solubility of oxygen in a iron, it was shown that 
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xygen diffusion into « iron does not occur chiefly by inter- 


under one set of conditions it was possible to show 
FeO precipitated from supersaturated solid solution. 
However, to assist in rationalizing the effect of an 
FeO second phase upon the mechanical properties of 
iron, it would be desirable to have more information 
on the possible modes of precipitation and on the 
thermal treatments required to produce precipitation. 
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Fig. 1—Partial Fe-O phase diagram. 


Because of the comparatively minute amount of 
oxygen soluble in a iron, about 0.03 pct max, the 
metallurgist is nearly restricted to microscopic ex- 
amination as a means of following FeO precipitation. 
X-ray diffraction, for example, is hardly feasible for 
showing such effects as that the change in lattice 
parameter is less than 0.0002A.' Similarly, methods 
which rely upon changes in thermal properties could 
not be expected to be sufficiently sensitive, at least 
with ordinary techniques. 

It was the object of this investigation to make 
qualitative observations on the microstructures of 
Fe-O alloys as related to heat treatments based upon 
the phase diagram established in the investigation 
referred to above.' 


Material and Experimental Procedure 

The iron used in this work was the same National 
Research Corp. high purity iron employed previ- 
ously, and an analysis of which is reported in Table 
I. The metallic impurities were determined by the 
supplier, as were the nonmetallic impurities except 
for carbon. Several repeat carbon analyses per- 
formed at the Research Laboratory showed a some- 
what higher value, 0.003 pct. Two independent oxy- 
gen analyses by different operators checked the 
oxygen value given above. In general, two concen- 
trations of Fe-O alloys were investigated: an alloy 
containing 0.03 pct O, corresponding to the satura- 
tion limit at 900°C, and the “pure” iron to which 
nothing was intentionally added, but which con- 
tained about 0.006 pct O. 

The heat treatments were carried out on thin 
transverse strips cut from the 0.020x0.5x2 in. satu- 
ration samples. To prevent possible reaction with 
the fused silica evacuated tube in which these sam- 


Table |. Chemical Analysis of NRC Iron 


Mg 0.003 to 0.0003 Vv <0.001 
c 0.0013 to 0,003 N 0.000047 
o 0.006 
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ples were heated, the samples were first wrapped in 
0.001 in. thick foil made from the same iron. The 
fused silica tubes were suspended by thin Nichrome 
wires in vertical Inconel tubes mounted in a Ni- 
chrome-wound electric-resistance tube furnace. 
Temperature was controlled to +2°C. To prevent 
any possible reaction during cooling, all samples 
were quenched in ice water by crushing the fused 
silica tubes under the water with a steel rod thrust 
down through the Inconel tube and into the water. 
Two samples which were given dry hydrogen treat- 
ments at 1200°C were heat treated in a molyb- 
denum-wound hydrogen furnace inside an iron 
retort flushed with hydrogen of about —70° to 
—80°F dew point. 


Partial Fe-O Phase Diagram 

The microstructures to be shown may be corre- 
lated with the phase diagram in Fig. 1. This com- 
bined diagram was established by Seybolt’ in the 
a region and by Kitchener et al.’ in the y region. 
While Kitchener et al. could not distinguish between 
0 pet O and 0.003 pct O soluble in y iron, they claim 
that, in any case, the solubility does not exceed the 
latter figure. The actual solubility between these 
two limits is immaterial for present purposes. It is 
significant that the solubility decreases by at least a 


4 


Fig. 2—Original NRC-58 iron containing about 0.006 pct O as 
vacuum annealed at 850°C for 2 hr. Rapid cool, but not quench. 
Shows a few inclusions which are presumably oxides of higher free 
energy than iron oxide. X1000. Area reduced approximately 30 pct 
for reproduction. 


Fig. 3—Original iron after dry hydrogen treatment at 1200°C for 
16 hr. Rapid cool in hydrogen furnace. Structure has been com- 
pletely “cleaned up” by this treatment, substantiating the sugges- 
tion that inclusions in original iron (Fig. 2) were probably oxides. 
X1000. Area reduced approximately 30 pct for reproduction. 
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a 
Al <0,001 Mn <0,001 
As <0.001 (not detected) Mo <0.001 
Ca <0.001 Ni <0.03 to 0.003 
Co <0.001 Pb <0.001 
cr <0.001 si <0.005 
cu 0.0001 to 0.00001 Sn <0,.001 
‘ 


Fig. 4—Original iron soaked with excess oxygen for 24 hr at 900°C, 
which caused 0.028 pct O pick-up. Sample rapidly cooled to room 
temperature then heated to 600°C for 24 hr. Ice water quench. 
Structure is essentially identical to Fig. 2; no clearly visible FeO 
precipitate in spite of the 600°C treatment. X1000. Area reduced 
approximately 30 pct for reproduction. 


factor of 10 in heating from 900°C in the high a 
region to 925°C for example, in the low y region. 
Hence, if the phase diagram shown is correct, an 
FeO precipitate would be expected on heating an 
alloy containing about 0.03 pct to 925°C. 

A similar behavior would be expected on cooling 
the same alloy to around 700°C, providing, of course, 
that sufficient time is allowed for the necessary nu- 
cleation and growth of FeO particles. 

Because of the findings of Rees and Hopkins* and 
of Fast,‘ whose work suggests the presence of inter- 
granular films of oxide in pure iron, special atten- 
tion was focused on this possibility. 


Experimental Results 


Because this work is entirely a metallographic 
study, the results are presented as a series of micro- 
graphs with the pertinent data recorded in each 
caption. Unless otherwise stated, the etching solu- 
tion was 1 pct nital. All of the micrographs were 
taken at a magnification of X1000 [and the area was 
reduced approximately 30 pct for reproduction— 
Ed. ]. 

Discussion of Micrographs: Fig. 2 shows the 
general structure of the original iron with no change 
in its oxygen content. There are a few inclusions 
which were not positively identified, but which are 
probably more stable oxides than FeO. These oxides 
would be expected from the small amount of oxy- 
gen and metallic impurities present such as mag- 
nesium, aluminum, silicon, etc., even though these 
are not present in a large amount (see Table I). 

Fig. 3 shows the microstructure of the original 
iron after a dry hydrogen treatment at 1200°C. This 
solid-state deoxidation treatment was evidently 
quite effective, since the inclusions are no longer 
visible, thus lending support to the idea that they 
were oxides. 

After adding approximately the maximum 
amount of oxygen in solid solution (0.028 pct), by 
soaking the iron at 900°C with a small excess of 
oxygen gas and rapidly cooling, the oxygen is nearly 
all in solution. Fig. 4, which shows such a structure, 
is essentially identical to Fig. 2 with only 0.006 pct 
O. This is a visible indication that the oxygen is 
essentially all in solid solution. Of course, it is quite 
possible that if this sample were examined with the 
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Fig. 5—Original iron picked up 0.030 pct O during 24 hr soak at 
900°C, rapid cool to room temperature. Sample was then heated to 
900°C for 15 min, then cooled to 850°C and successively to lower 
temperatures to 650°C at 50°C increments, changing to next lower 
temperature every 15 min. Ice water quench. 5 pct picral etch. This 
slow cooling in the high a region resulted in considerable precipita- 
tion and some agglomeration of FeO spheroids. X1000. Area re- 
duced approximately 30 pct for reproduction. 


- ‘ 


j ise 
Fig. 6—Same sample (0.03 pct O) as in Fig. 5 through 900°C, 24 
hr soak, and rapid cool. At this point, when oxygen was in solution, 
the sample was heat treated 4'2 days at 800°C, followed by ice 
water quench. Very fine, unresolvable precipitate formed isother- 
mally at 800°C. X1000. Area reduced approximately 30 pct for 

reproduction. 


electron microscope, some precipitation might be 
evident upon investigation. 

If this same sample is now cooled slowly from 
900°C in the high a region to around 650°C, a con- 
siderable amount of oxide precipitation occurs, as 
shown in Fig. 5. Note the very pronounced sphe- 
roidal habit. 

Fig. 6 shows the same kind of effect, but on a 
much finer scale. It was noted repeatedly that iso- 
thermal precipitation was often so fine that fre- 
quently there was some question of its presence 
when the light microscope was used. On the other 
hand, slow cooling always seemed to provide a spec- 
trum of precipitate particles including many of 
easily visible size. 

If a sample containing an oxygen content close to 
the a saturation limit is heated into the y region, a 
voluminous precipitate occurs because of the much 
lower solubility of oxygen in y iron. Fig. 7 shows 
this effect for an iron containing 0.03 pct O heated 
for several hours at 925°C. This result is, of course, 
what would be predicted by the work of Kitchener 
et al.,* and hence by the phase diagram of Fig. 1. 
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Fig. 7—Same sample (0.03 pct O) as in Figs. 5 and 6 through 
900°C, 24 hr sook, and rapid cool. The sample was then heated to 
925°C in > iron region for 20 hr, followed by ice water quench. 
Because of the low oxygen solubility in y iron, much FeO was 
precipitated in a manner which suggests preferential precipitation 
along subgrain boundaries. X1000. Area reduced approximately 30 
pet for reproduction. 


— eat: . 


Fig. 8—Original iron (see Fig. 2) after heating to 925°C for 22 hr, 
ice water quench. While the density of FeO is not as great as in 
Fig. 7, it is still prominent because the ~0.006 pct O in the 
original iron exceeds the solubility at 925°C. X1000. Area reduced 
approximately 30 pct for reproduction. 


The original iron containing only 0.006 pct O and 
heated to 925°C (Fig. 8) also shows a similar effect 
which, at first glance, looks much like Fig. 7 with a 
much higher oxygen content. Closer inspection, 
however, will reveal that the latter sample does not 
show nearly as much precipitate as the 0.03 pct O 
alloy. It does, however, show a precipitate because 
the solubility limit is less than 0.006 pct O. 

If the oxygen content is considerably reduced by 
a prolonged anneal at 1200°C in dry hydrogen and 
is then given the y heat treatment, no appreciable 
amount of precipitation occurs, as is demonstrated 
in Fig. 9. Here, the oxygen content was lowered to 
about the same order of magnitude as the y solu- 
bility limit; hence, no obvious precipitate was noted. 

Grain-Boundary Films: No evidence was found 
which suggested the presence of films of iron oxide 
at the grain boundaries in any of the samples in- 
vestigated by metallographic methods. However, 
failure to find oxide films at the grain boundaries 
does not mean they do not exist. 

When a supersaturated Fe-O alloy is heat treated 
to produce visible precipitation, such precipitation 
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Fig. 9—Original iron given dzy hydrogen treatment at 1200°C, 16 
hr, and then wrapped in foil and heated to 925°C for 21 hr, fol- 
lowed by ice water quench. Compare with Fig. 8. Evidently the dry 
hydrogen treatment reduced the oxygen level to a point where it 
barely exceeds the solubility limit at 925°C. X1000. Area reduced 
approximately 30 pct for reproduction. 


occurs generally throughout the structure (see Figs. 
5 through 7). This circumstance indicates that only 
a small fraction of the dissolved oxygen can pre- 
cipitate at the grain boundaries, but it may be an 
important small fraction. However, because a large 
part of the dissolved oxygen does precipitate in a 
general manner, this distribution must mean that it 
is dissolved in a general manner. If this rationaliza- 
tion is correct, then the suggestion made by Kitch- 
ener et al.’ that “the diffusion of oxygen in iron is 
probably intergranular” must be incorrect, at least 
in the samples examined here. 

There is, however, some indication that the iron- 
oxide precipitate forms preferentially along a net- 
work of subgrain boundaries. This effect is brought 
out most clearly in Fig. 7, but can be seen also in 
Fig. 6. 

Conclusions 

The microstructures agree qualitatively with the 
partial Fe-O phase diagram presented in Fig. 1. As 
predicted by the phase diagram, FeO is precipitated 
on cooling a supersaturated a solid solution. Also as 
predicted, FeO is precipitated when such an alloy is 
heated to the y region. 

The precipitation of FeO isothermally at 700° to 
800°C is sluggish, but more rapid precipitation and 
agglomeration occurs on slow cooling in the high a 
region. The precipitate in any case is small, sphe- 
roidal, and often not resolvable with the light mi- 
croscope (X1000 magnification). 

It is suggested that the iron oxide precipitate 
which has an effect upon the mechanical properties 
of iron is not the one shown in the micrographs. 
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Ferromagnetism 


by E. R. Morgan 


A series of manganese-rich ferromagnetic alloys has been studied. 
The alloys are based upon an interstitial solution of carbon in man- 
ganese. In each of the systems investigated, the ferromagnetic phase 
was found to be face-centered-cubic in structure. This magnetic 
phase is based upon the composition (Mn, X),C; where X is a metallic 
element which has both a positive size factor with respect to man- 
ganese and a high positive valence. Typical elements of this type are 
aluminum, indium, and tin. Preliminary magnetic measurements in- 
dicate that the effective magnetic moment of manganese in the 
alloys is at least 1.0 Bohr magneton per atom. It is emphasized that 
the critical atomic separation beyond which ferromagnetism can 
occur will be governed by the electronic configuration of the man- 
anese atoms. Lattice parameter measurements show that the 
erromagnetic condition in the present alloys is associated with an 
increased atomic separation of only 3 to 6 pct compared with a 


of Certain Manganese-Rich Alloys 


= 


MANGANESE which is paramagnetic and not 
ferromagnetic in the pure state can become 
ferromagnetic if suitably alloyed. Under favorable 
conditions manganese can have an effective ferro- 
magnetic moment of the order of 3.4" * or even 4.0° 
compared with a moment of 2.2 Bohr magnetons for 
iron. 

The incidence of ferromagnetism is believed to be 
controlled by the degree of atomic separation." ° This 
is consistent with the fact that the atomic separa- 
tion, when considered in terms of the ratio of the 
atomic diameter R to the diameter r of the 3d-shell, 
is larger in the ferromagnetic metals. The values of 
R/r calculated by Slater,‘ for metals of the iron 
group are given in Table I, and Slater has suggested 
that the critical ratio of R/r is 1.5. 

Consideration of the criterion of atomic separation 
alone would suggest that there are three classes 
of possible ferromagnetic manganese alloys: 1— 
Ordered structures, of either solution or compound 
types, such that manganese atoms are not near 
neighbors; 2—Structures in which the separation of 
near-neighbor manganese atoms is sufficiently in- 
creased by the presence of suitable solute atoms; 
and 3—Dilute solutions of manganese. Typical ferro- 
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hypothetical face-centered-cubic lattice of pure manganese. 


Table |. Values of R/r Calculated by Slater’ 


Ti Cr Mn Fe Ce Ni 


1.12 1.18 1.47 1.63 1.82 1.97 


magnetic alloys of types 1 and 2 are the Heusler 
alloys and Mn.N, respectively. There are no recog- 
nized ferromagnetic alloys of type 3. 

In view of the proximity of the ratio R/r for man- 
ganese to the critical ratio of 1.5, the present work 
was concentrated on manganese-rich alloys rather 
than on ferromagnetic alloys of low manganese con- 
tent, several examples of which are already known. 
Calculation of the distance of closest approach of 
manganese atoms in each of its allotropic forms, 
Table II, indicates that the high temperature y phase 
provides the most suitable basis for ferromagnetic 
alloys of high manganese content. However the high 
temperature forms of pure manganese cannot be 
retained on quenching, although a face-centered- 
tetragonal form apparently can be produced by 
electrodeposition. 

Since the critical separation which must be ex- 
ceeded in order to obtain ferromagnetism is depend- 
ent upon the number of electrons in the d-shell, 
ne exact critical value of R/r can be assumed. Not 
only will this separation vary from one pure metal 
to another, but it will also vary with the valency of 
the given type of atom when it is in an alloy. Raynor” 
has shown that metals of the iron group probably 
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Fig. 1—Alloy Mn.C 
water quenched 
from 1050°C, show- 
ing grain-boundary 
and Widmanstaer- 
ten precipitation of 
Mn.C, and man- 
ganese. Etched in 
4 pct nitric acid in 
absolute alcohol. 
x750. 


assume a negative valence when in the presence of 
a high concentration of strongly electropositive ele- 
ments although they may have zero valence under 
another set of conditions. Moreover, in the pure 
state all metals must have a positive valence. 

The following experiments were simply an attempt 
to produce the maximum possible separation of 
manganese atoms in a manganese-rich phase in the 
expectation that this experimental work would re- 
sult in a ferromagnetic alloy. 


Experimental 

It has been reported that the preparation of man- 
ganese alloys in the presence of hydrogen or nitrogen 
can lead to ferromagnetism. Thus, in order to avoid 
spurious results, the present alloys were melted, cast, 
and annealed under purified argon. Melting under 
an argon atmosphere rather than in vacuum mark- 
edly reduced the volatilization of manganese and 
other metals of high vapor pressure. 

The following base materials were used for the 
alloys: manganese of 99.9 pct purity, donated by the 
Electromanganese Corp. of America; indium of 99.99 
pet purity, donated by the Consolidated Mining and 
Smelting Co. of Canada; aluminum of 99.99 pct 
purity, donated by the Aluminum Co. of Canada; 


Table II. Distances of Closest Approach of Manganese Atoms 


Dis- 
tance of 
Closest 
Range of Crystal Approach, 
Form Stability, °C Structure kx 
a below 727 Complex cubic, 58 atoms 2.24 
per structure cell 
B 727 to 1100 Complex cubic, 20 atoms 2.36 
per structure cell 
y 1100 to 1138 Face-centered-cubic 2.66 
or 
Face-centered-tetragonal 2.58 
1138 to 1245 Unknown 


Fig. 3 — Alloy 
water 
quenched from 
1050°C. Both the 
light and dark 
etching phases in 
this alloy have a 
tace-centered-cubic 
lattice and are fer- 
romagnetic. Etched 
by standing in moist 
air. X400. 


edi 


Fig. 2—Alloy Ma.C 
water quenched 
from 1050°C. This 
sample was 
quenched more rap- 
idly than the sam- 
ple illustrated in 
Fig. 1. Etched by 
standing in moist 
air. X400. 


tin of 99.5 pct purity; and carbon of spectroscopic 
purity. 

Alloy samples averaging 40 grams in weight were 
melted by high frequency induction in Norton RA84 
Alundum thimbles, and either ccoled in the crucible 
or cast into a copper mold of 1 cm diameter. Initial 
experiments with a variety of alloys showed that 
the loss of any element during melting was small. 
For this reason, unless otherwise stated, the anal- 
yses given are nominal and assume no melting 
losses. 

X-ray powder patterns were produced with a 
14.32 cm diameter Straumanis-type camera using 
unfiltered Fe radiation. Samples were crushed in 
a mortar and, owing to their brittleness, did not re- 
quire annealing before irradiation. 

In view of the fact that the face-centered-cubic 
phase Mn,N, in which the nitrogen is dissolved 
interstitially, is ferromagnetic, there is a possibility 
of producing other ferromagnetic manganese-rich 
alloys containing interstitial elements other than 
nitrogen. Such elements might be hydrogen, boron, 
or carbon. 

The size of the expected interstitial hole in a 
hypothetical face-centered-cubic manganese lattice 
is such that it might readily accommodate either a 
carbon or a hydrogen atom. Owing to the experi- 
mental difficulty of controlling the amount of hy- 
drogen in an alloy, it is apparent that the use of 
carbon is to be preferred. 

Mn-C: A series of Mn-C alloys within the range 
0 to 30 pet* carbon was prepared but proved to be 


* All percentages in this paper refer to atomic percent unless 
otherwise stated. 


nonmagnetic in both the chill-cast and slowly cooled 
state. However, an alloy of composition Mn,C was 
weakly ferromagnetic after water quenching from 
1050°C, and had a_ face-centered-cubic crystal 
structure with a, = 3.869 kX. The microstructures 
shown in Figs. 1 and 2 represent the rapidly cooled 
phase Mn.C plus the decomposition products 8 man- 
ganese solid solution and the compound Mn,,C, 
(a, = 10.58 kX). On slower cooling this alloy de- 
composed completely to Mn,C, and 8 manganese 
and was nonmagnetic. 

All chill-cast or slowly cooled alloys within the 
range investigated decomposed by aqueous oxida- 
tion, on standing in air, to a brown powder which 
was probably a hydrated oxide of manganese. 

The fact that Mn,C was stable only at elevated 
temperatures indicated that the interstitial carbon 
atoms were probably producing appreciable lattice 
strain. Such lattice strain would be reduced as the 
interstitial hole was increased by an increased sepa- 
ration of the manganese atoms. It is well known 
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Table Ill. Results of Heat Treatments on the Alloys Tested 


Crystal Structure magnetism’ 


As-cast 
1050°C, water quenched 


600°C,water quenched 
As-cast 


1050°C, water quenched 


600°C, water quenched 


As-cast 
1050°C, water quenched 


600°C, water quenched 


As-cast 
1050°C, water quenched 


600°C, water quenched 


As-cast 
1050°C, water quenched 


600°C, water quenched 


As-cast 
1050°C, water quenched 


600°C, water quenched 


MngsCe; do = 10.58 kX Nil 
70 pet face-centered cubic; ao = 3.869 kX Weak 


Very Weak 
Nil 


75 pet close-packed-hexagonal 
25 pct face-centered-cubic 

75 pct close-packed-hexagonal 
25 pct face-centered-cubic 

90 pct face-centered-cubic 

65 pct face-centered-cubic; ao = 3.870 kX 
25 pct face-centered-cubic; ao = 3.898 kX 

50 pct face-centered cubic; ao = 3.900 kX 
40 pct MnasCe 

90 pct face-centered-cubic 

40 pct face-centered-cubic; ao = 3.870 kX 
60 pct face-centered-cubic; ao = 3.899 kX 

60 pct face-centered-cubic; ao = 3.899 kX 
35 pct MngsCe 

90 pet face-centered-cubic 

15 pct face-centered cubic; ao = 3.671 kX 
80 pct face-centered-cubic; ao = 3.898 kX 

70 pet face-centered-cubic; a) = 3.899 kX 
25 pct MnaCe 

90 pct face-centered-cubic 

20 pet face-centered-cubic; ao 
50 pct face-centered 
25 pct face-centered-cubic; 

75 pet face-centered-cubic; ao 
20 pct MnaCe 


* Measured at room temperature. These qualitative results were obtained by testing with a small hand magnet but may be compared 


with semi-quantitative results given later in Fig. 7. 
** This alloy showed severe segregation after casting. 


that the lattice parameter of a metal or alloy is 
generally increased by the substitutional solution of 
an element of positive size factor.** 


 #* Size factor refers to the percentage difference in atomic sizes 
of the two elements corrected to the same coordination number. 
The atomic size of man idered to be 2.66 kX for a co- 
ordination number of 12. 

In other words, a ternary alloy (Mn,X),C, where 
X is an element of positive size factor with respect 
to manganese, might have a greater temperature 
range of stability than Mn,C. However, the mag- 
netic condition of the alloy would be modified if the 
X element was ferromagnetic or potentially ferro- 
magnetic. 

The following metals therefore were selected for 

examination in the role of a substitutional X ele- 
ment: Al, + 7.5+; Ag, + 8.2; Au, + 8.2; Cd, + 13.5; 
” + The algebraic values represent the respective size factors of the 
elements. 
In, + 16.0; Sn, + 18.0 (or + 5.5 in the completely 
ionized state); Sb, + 21.0; and Zn, + 4.1. Each ele- 
ment was added in amounts up to 10 pct to alloys of 
composition Mn,C. The elements yielding ternary 
ferromagnetic alloys in the cast state were alumi- 
num, cadmium, indium, tin, antimony, and zinc. 
From these, aluminum, indium, and tin were select- 
ed for more detailed investigation, and a family of 
alloys Mn,.,X,C.t? was prepared (where X is alu- 
minum, indium, or tin). 


+ For convenience ‘the compositions of many alloys are shown in 
this form, but they are not considered to be of the compound type 
unless specifically stated. 

Mn,.,In,C,: The alloys in this system contained 
0 to 20 pct In. In the cast state the alloys in the 
range 2 to 20 pct In were ferromagnetic. In all 
alloys containing more than 6 pct In, two immiscible 
liquid phases were observed, one being nearly pure 
indium. Alloys in the range 0 to 6 pct In were chill- 
cast, homogenized at 1050°C for 72 hr, and water 
quenched. The results of a subsequent series of heat 
treatments are given in Table III. All samples were 
annealed until their X-ray diffraction patterns be- 
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came sharp. Typical annealing times for all the 
series examined were of the order of 72 hr at 
1050°C, 136 hr at 900°C, or 168 hr at 600°C, unless 
otherwise specified. The amount of each phase was 
estimated visually from the relative intensities of 
similar X-ray diffraction lines. 

One further alloy in this series, of composition 
Mn,,In,C» was chill-cast and heat treated but 
proved to be exceptionally prone to aqueous oxida- 
tion. After quenching from 900°C it decomposed in 
air within a few hours, yielding a finely divided 
brown-powder mixture which was also ferromag- 
netic. 

The X-ray diffraction pattern for this mixture 
was complex and did not correspond to any ASTM 
listed patterns. However, the main lines of the pat- 
tern could be indexed according to a face-centered- 
cubic lattice with a, = 3.932 kX although the re- 
maining lines did not fit the cubic pattern. 

The microstructure and X-ray diffraction pattern, 
Figs. 3 and 4, for the alloy Mn,,In,C,, quenched from 
1050°C are typical of those observed for the gen- 
eral series and illustrate the coexistence of two 


‘face-centered-cubic phases of slightly different lat- 


tice parameters. 

Mny.Sn,C,y: The alloys in this system contained 
2 to 10 pet Sn. All alloys were ferromagnetic in the 
as-cast state and also after homogenizing at 1050°C 
for 72 hr. Results of subsequent heat treatments are 
given in Table IV. 

It was not experimentally possible to increase the 
tin content to 20 pct in the presence of 20 pct C, but 
an alloy of composition Mn,,Sn,,C,, was prepared and 
chill-cast. This alloy was strongly magnetic after 
casting and homogenizing at 1050°C, but on anneal- 
ing at 750° or 600°C, the strength of magnetism de- 
creased appreciably. It is noteworthy that the alloy 
in the strongly magnetic condition was face-cen- 
tered-cubic with a, = 3.955 kX, whereas in the 
weakly magnetic condition it was face-centered- 
cubic with a, = 3.981 kX. Both forms exhibited a 
marked superlattice. 
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be 
Ferro- 
Alley Compositien Heat Treatment 
— q 
30 pct MnaCe 
MnwIniCa 90 pct MnasCs 
ea 
Weak 
um 
Medium 
D MnrinsCa Medium 
Medium 
Medium to 
Strong 
E Medium 
Medium wt 
Medium to 
Strong 
Medium to 
Strong 


Alley Compesition Heat Treatment 


G As-cast 
1050°C, water quenched 


600°C, water quenched 


As-cast 
1050°C, water quenched 


600°C, water quenched 


J MnnSnoCw 1100°C, water quenched 
600°C, water quenched 
K MnwSnwC» 1050°C, water quenched 


600°C, water quenched 


Table IV. Results of Heat Treatments on the Alloys Tested 


Crystal Structure magnetism 
90 pct face-centered-cubic Weak 
95 pct close-packed-hexagonal; c = 4.463 kX Nil 
a = 4.718 kX 

20 pet face-centered-cubic; ao = 3.882 kX 

40 pct face-centered-cubic; a = 3.900 kX Weak 

40 pet 
100 pet face-centered-cubic Medium 
50 pet face-centered-cubic; a = 3.882 kX 

30 pet face-centered-cubic: a) = 3.899 kX Medium 


20 pct close-packed-hexagonal 
40 pet face-centered-cubic; ao = 3.882 kX 


40 pet face-centered-cubic; ao = 3.902 kX Strong 
20 pet MnwCe 

70 pet face-centered-cubic; ao = 3.907 kX Medium 
30 pet close-packed-hexagonal 

80 pct face-centered-cubic; ao 3.882 kX Strong 
20 pct face-centered-cubic; a) ~ 3.918 kX 

80 pet face-centered-cubic; a) = 3.920 kX Strong 
20 pet face-centered-cubic; do = 3.95 kX 

80 pet face-centered-cubic; a) = 3.920 kX Strong 


20 pet face-centered-cubic; a = 3.980 kX 


Fig. 4—The X-ray powder diffraction pattern of alloy Mn,.in,C.., 
water quenched from 1050°C. Patterns for two coexisting face- 
centered-cubic lattices of slightly different parameters are shown. 
Unfiltered Fe radiation. 


Mn, ,ALC,: The alloys in this system contained 
2 to 20 pet Al and were ferromagnetic in the as-cast 
state. Two examples, alloys M and P, are given in 
Table V. 

In order to determine the relative contribution 
of carbon and X element to the stability of the 
phase (Mn,X),C, alloys were prepared in which the 
carbon content was reduced below the stoichi- 
ometric ratio. 

Mn-Al-C: Alloys within the composition ranges 
(Mn,Al),C, and (Mn,Al),C,, where y (in terms of 
atomic percent) varied from 2 to 20, were melted and 
slowly cooled in the crucible. All these alloys were 
ferromagnetic and the strength of ferromagnetism 
increased progressively with increasing carbon con- 
tent. Typical alloys were L and N, as shown in 
Table V. 

Metallographic examination of alloys containing 
less than 15 pet C disclosed the presence of dark- 
etching platelets which had only one orientation 
within each grain. The quantity of this lamellar 
phase increased with increasing carbon content un- 
til at 15 pet C, the sample consisted entirely of this 
phase. On annealing the two phase alloys, the 
lamellar phase, as shown in Fig. 5, coagulated and 


Fig. 5— Alloy 
Mn,, .Al., .C., slow- 
ly cooled in the 
crucible. The dark. 
etching lamellae 
are the ferromag 
netic phase and the 
matrix is manga- 
nese solid solution. 
Etched in 4 pet 


— 
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exhibited annealing twins, as shown in Fig. 6. The 
structure of this ferroma;netic phase was confirmed 
to be face-centered-cubic by X-rays. 

An increase in carbon content beyond 20 pct re- 
sulted in the formation of free graphite and pro- 
duced a face-centered-cubic phase with a, = 3.867 
kX. 

Mn-In-C: The survey work was extended to the 
system Mn-In-C. A series of alloys based upon 
atom ratios of manganese to indium of 7:1 and 15:1 
but with carbon contents of 5, 10, and 15 pet, all 
contained a ferromagnetic face-centered-cubic 
phase. This phase was present in alloys as-cast or 
annealed at 900°C for 136 hr. The proportion of the 
magnetic phase was found to increase progressively 
with increasing carbon content but to be virtually 
independent of indium content in the ranges ex- 
amined. 

Mn.N: For comparison purposes, a sample of 
Mn.N was prepared by nitriding finely crushed 
manganese. The resultant product was weakly 
ferromagnetic with a face-centered-cubic crystal 
structure of a, = 3.847 kX. 

Saturation Magnetization: Since the ferromag- 
netic alloys were all brittle and could not be ma- 
chined, samples for magnetic measurements of 
necessity were in fine powder form bonded by an 
organic material. The magnetic measurements 
which were obtained with a magnetic balance of the 
Fereday’ type may not be truly representative of 
saturation values because the field strength was only 
3000 +100 oersted. However, as the measurements 
were based on specimens compacted from particles 
of uniform size, they do indicate semiquantitatively 


Fig. 6 — Alloy 
Mn., Al, .C,  an- 
nealed at 900°C 
for 39 hr. The fer- 
tromagnetic phase 
has partly coagu- 
lated and exhibits 
annealing twins. 
Etched in 4 pet 
nital. X750. 
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the trend of saturation magnetization and quantita- 
tively the trend of Curie temperature with changing 
composition. The results are shown in Fig. 7. 


Discussion 

Although the structure of 6 manganese has never 
been determined, it may be indicated by the follow- 
ing results: In the system (Mn,Al),C, the magnetic 
phase precipitated within a phase of low crystal- 
lographic symmetry as evidenced by the lamellae of 
unique orientation in each grain. Moreover, in the 
alloys Mn, In,C, and Mn,Sn.C, quenched from 
1050°C, a close-packed-hexagonal phase was ob- 
served. A crystal structure of this type can lead to 
the precipitation phenomena described with pre- 
cipitation occurring on the basal plane. It is a pos- 
sibility that this matrix phase was a solid solution 
derived from 8 manganese which might also be 
close-packed-hexagonal in structure. 

It was observed that relatively small quantities 
of elements such as indium or tin can readily sta- 
bilize Mn,C. This may be the explanation for the 
uncertainty of previous reports regarding the oc- 
currence of ferromagnetism in Mn-C alloys, the 
ferromagnetism being due to the stabilization of 
Mn,C by impurities. While Mn,C is the stable phase 
at high temperatures, it is only metastable at room 
temperature. This phenomenon could arise as a re- 
sult of the elastic strain produced by the solution 
of carbon. 

Calculation of the size of the interstitial hole in a 
face-centered-cubic lattice of manganese atoms, 
assuming an atomic diameter and ionic diameter for 
singly ionized atoms of 2.66 and 2.26 kX, respective- 
ly, yields a value of 1.49 kX. This compares with a 
Goldschmidt atomic diameter” of 1.54 kX for car- 
bon and suggests that a slight increase in hole size 
will markedly reduce the lattice strain produced by 
the interstitial solution of carbon. This idea is con- 
sistent with the relatively small amount of a third 
element required to stabilize Mn,C. 

A hole of diameter 1.49 kX should readily accom- 
modate a nitrogen atom of 1.42 kX diameter. How- 
ever, the lattice parameter for Mn,N was deter- 
mined as 3.847 kX, as compared with 3.73 kX for a 
hypothetical face-centered-cubic manganese lattice. 
Thus, either the hole is less than 1.49 kX in diame- 
ter in Mn,N, or the size of the nitrogen atom in that 
lattice is greater than 1.42 kX. It is noteworthy that 
the parameter of Mn,C is greater than that of Mn,.N. 
Consequently, a carbon atom is effectively larger 
than a nitrogen atom in a face-centered-cubic man- 
ganese lattice; this effect is the opposite of that ob- 
served by Jack’ for carbon and nitrogen in iron. 

The suggestion that a small expansion of the Mn,C 
lattice should greatly increase its stability indicates 
that the stabilizing effect of any solute atom might 
be dependent largely on its size factor. However, this 
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Fig. 7—Magnetization relative to nickel powder for certain of the al- 
loys, identified by the appropriate letter, as a function of temperature. 


300 


was not confirmed by the survey experiments for a 
series of solute elements of positive size factor with 
respect to manganese in a face-centered-cubic lat- 
tice. The most effective elements were those com- 
bining a positive size factor with a high valency. 
Homogeneous face-centered-cubic alloys in the sys- 
tem Mn-Al-C can apparently arise when the lattice 
parameter a, = 3.840 kX. This increase in inter- 
atomic spacing represents a change of only 3 pct 
compared with a hypothetical face-centered-cubic 
lattice of pure manganese. 

Comparison of the lattice parameters of alloys L 
with N, and M with P, shows that change in the 
percentage of aluminum, at constant carbon con- 
tent, has no effect on the lattice parameter. It may 
be concluded that aluminum has an approximately 
zero size factor with respect to manganese in the 
Mn,AIC structure. Such a conclusion is reasonable 
because the value of the atomic size which was used 
in the original size-factor calculation was for a 
crystal of the pure element, involving a Brillouin- 
zone overlap. Where overlap is not involved, the 
effective atomic size of aluminum is reduced” to a 
value comparable with that assumed for manga- 
nese in a face-centered-cubic lattice. 

One of the most interesting phenomena observed 
was the coexistence of two face-centered-cubic 
ferromagnetic phases in some samples, e.g., the Mn- 
In-C alloys. There are two possible explanations 
for this phenomenon; either the two phases were of 
different composition, or the atoms in each lattice 
were arranged differently. For any given annealing 
temperature the proportion of the phase with the 
larger face-centered-cubic lattice increased with the 


Table V. Results of Heat Treatments on the Alloys Tested 


Composition Heat Treatment 


Mrs. 900°C, furnace cooled 
700°C, water quenched 
400°C, water quenched 
900°C, water quenched 
*C, water quenched 
*C, water quenched 
*C, water quenched 
water quenched 


water quenched 


Crystal Structure 


3.644 kX 
3.865 kX 

3.843 kX 
3.844 kX 
3.860 kX 
3.860 kX 
» = 3.860 kx 

= 3.844kxX 
» = 3844kxX 

= 3.859 kX 
3.859 kX 


60 pct face-centered-cubic; a, 
35 pet face-centered-cubic; a. 

95 pct face-centered-cubic; ay 
95 pct face-centered-cubic; 
100 pet face-centered cubic; 
100 pet face-centered cubic; 
100 pet face-centered cubic; 
100 pet face-centered-cubic; 
100 pet face-centered-cubic; 
100 pet face-centered-cubic; 


100 pet face-centered-cubic; a Strong 
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percentage of indium. Moreover, the phase with the 
small lattice, which was stable at high temperature, 
decomposed to a mixture of the phase with the 
large lattice and Mn,C, at lower temperatures. As 
the phase with the large lattice was stable at the 
low temperature, it is logical to conclude that it was 
ordered and that the high temperature lattice was 
disordered. The phase which coexisted with the 
phase of large lattice had a parameter corresponding 
to that of Mn,C. Thus, it is likely that the high 
temperature disordered phase decomposed into a 
phase with a small lattice of composition Mn,C, and 
a phase with large ordered lattice which contained 
all the indium. The lattice parameter of this phase 
was also constant, varying only in quantity present, 
which is consistent with the above suggestion. 

For this phase, which is assumed to contain all the 
indium of the alloy, the lattice parameter was 
greater by 0.029 kX than that of Mn,C. If the com- 
position of this phase is taken to be Mn,,In,C,, then 
the indium had an effective size factor of + 12.5 
with respect to manganese in the Mn,C structure. 
This size factor compares favorably with the value 
of + 16.0 originally assumed. 

The occurrence of two coexisting face-centered- 
cubic phases in the system Mn-Al-C was erratic. By 
analogy with the fact that an increase in the para- 
meter for manganese facilitates the solution of car- 
bon, it is to be expected that the solubility for 
nitrogen is similarly affected. The annealing of 
alloy L in an incorrectly purified atmosphere there- 
fore could lead to the solution of nitrogen and an 
increase in lattice parameter. Examination of the 
surface of treated alloys indicated that contamina- 
tion could readily occur, and it may be concluded 
that the two phases present in alloy L after furnace 
cooling from 900°C did not represent an equilibrium 
condition for an alloy of that composition. This 
illustration is intended merely to emphasize the 
tendency of these alloys to corrode and the neces- 
sity for the purification of the annealing atmosphere. 

In the case of the Mn-Sn-C alloys containing less 
than 10 pet Sn, two ferromagnetic phases were 
found in coexistence. The smaller lattice was face- 
centered-cubic with a, 3.882 kX, a value appre- 
ciably larger than that for Mn,C. The larger ferro- 
magnetic lattice had a parameter in excess of 3.898 
kX. Both phases exhibited marked superlattices 
with all diffraction lines characteristic of the simple 
cubic lattice visible, so that it is probable that they 
represented ordered phases of different composi- 
tions. Similar conclusions cannot apply to the alloy 
Mn,.Sn..Cy, since in this case the structure changed 
from 98 pct of a phase with a small lattice para- 
meter to 98 pct of a phase with large lattice para- 
meter, as the annealing temperature was decreased. 
Such a transformation could not have involved a 
compositional change, and it is possible that it was 
in some way related to the degree of ionization of 
the constituent atoms. Tin is noted for variation in 
this respect. 

For pure metals such as tin, an increase in the de- 
gree of ionization produces a decrease in the atomic 
size. However, the opposite may be true for tin in 
an alloy. It has been shown by Hume-Rothery, 
Lewin, and Reynolds” that for copper or silver 
binary alloys, where size-factor effects have been 
minimized, increasing solute valency produces an 
increased lattice distortion. It is possible that this 
phenomenon occurs in (Mn, Sn),C alloys at high tin 
contents. An increase in the degree of ionization of 
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the tin atoms could produce an increase in the lat- 
tice parameter and a simultaneous decrease in the 
saturation magnetization. Both effects were ob- 
served experimentally. 

The influence of solute valency upon the amount 
of lattice distortion produced may be greater than 
that of atomic size in the present series of ailoys. 
This could explain the apparent need for high 
valency solutes in the successful stabilization of the 
Mn,C-type lattice. 

Any comprehensive interpretation of the mag- 
netic properties of the present family of alloys must 
await further measurements under conditions which 
can ensure their magnetic saturation. However, 
from the present measurements it is apparent that 
a number of the alloys possess a magnetic moment 
in excess of 1.0 Bohr magneton per manganese 
atom. 

There is little doubt that further families of man- 
ganese-rich ferromagnetic alloys exist. An exten- 
sion of this survey work, combined with magnetic 
induction measurements at high field strengths, 
should yield results which will assist in a better 
understanding of the electronic configuration of 
manganese under various conditions. At present 
there is no way in which the effective ferromagnetic 
moment of manganese atoms can be forecast, so 
that any estimate of the ultimate magnetic strength 
of manganese-base alloys must remain at the purely 
conjectural stage. 
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Influence of Oxygen and Nitrogen in Solution in Alpha Titanium 
On the Friction Coefficient of Copper on Titanium 


by W. R. Yankee and E. S. Machlin 


N a previous study’ of the effect of heating com- 

mercial titanium in air on its subsequent friction 
coefficient against other metals, as well as itself, it 
was found that the friction coefficient markedly de- 
creased from a value of about 0.7 to about 0.3. A 
tentative explanation was given that surfaces nor- 
mally produced at room temperature are not con- 
taminated sufficiently to prevent seizing or welding 
of the titanium to the softer mating metals. The 
latter tend to cleanse themselves during rubbing 
over the harder titanium. It was thought that the 
lack of a contaminant protective film on the titanium 
was due to the high solubility of titanium for oxy- 
gen and nitrogen and hence an inability to form a 
contaminant oxide or nitride. This explanation re- 
quires the ratio of the surface absorption rate to the 
diffusion rate to become much lower at room tem- 
perature than it is at high temperatures. 

In order to check the phenomenon further, com- 
mercial titanium specimens were nitrided or oxi- 
dized at 800°C for 20 hr in flows of prepurified N. 
and O., respectively, at about % in. H,O above at- 
mospheric pressure. Friction runs were made in 
argon using a freshly cut copper hemisphere (cut 
in argon) on surfaces cut successively into the dif- 
fusion layers in the titanium (cut in argon) using 
the techniques described in a previous publication.’ 
DPH values (100 gram load) were made as a func- 
tion of depth into the diffusion layer using a Tukon 
tester. Also, micrographs were taken at separate 
cross sections to indicate the diffusion layers. The 
results obtained are presented in Figs. 1 and 2, which 
show the “static” friction coefficient vs hardness for 
the nitrided and oxidized specimens, respectively. 
A separate measurement of the friction coefficient of 
clean copper vs iodide titanium also was made. From 
results reported in the literature’ giving the oxygen 
and nitrogen contents as functions of the hardness, 
cross plots were made showing the friction coeffici- 
ents as functions of the amount of interstitial solute. 
These plots are given in Figs. 3 and 4. From micro- 
graphs of the diffusion layers and the phase dia- 
grams, it was deduced that the data in Figs. 1 
through 4 correspond to the single phase a region. 
The points observed on the compound regions have 
been excluded from the figures. It is apparent that 
nitrogen or oxygen in solution in the a titanium 
markedly affects the friction coefficient against a 
softer mating metal. 
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Attleboro, Mass., and E. S$. MACHLIN, Member AIME, is Assistant 
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Discussion of Results 
These results are extremely interesting from both 
a practical and theoretical viewpoint. The theoretical 
implications will be discussed first. According to 
Bowden, the friction coefficient should be given to a 
good approximation by the relation 


where a is the fraction of contact area that has 
welded, S is the shear strength of weaker compo- 
nent, and H is the hardness of softer component. 

Using this relation alone, it is difficult to under- 
stand the results because none of the terms should 
be affected by a variation in the oxygen or nitrogen 
content of the harder and stronger metal, titanium. 
Even if the ratio of S/H for titanium is used in Eq. 1, 
the ratio has been shown to be independent of oxy- 
gen or nitrogen content.” If a more rigorous equa- 
tion is used combining Eq. 1 and a result given pre- 
viously* for the case where welding is absent, then 
the relation obtained is 


a 2 
a) H [2] 
where a is constant and W.,, is the work of adhesion 
between the two metals comprising the friction 
couple. 

This relation states that if a is less than % or so, 
variation in the work of adhesion W,, between cop- 
per and the titanium should affect the friction co- 
efficient markedly. It is reasonable to expect that 
the work of adhesion will depend on the oxygen or 
nitrogen content of the titanium. Available data‘ 
show that clean metals and oxides have much lower 
works of adhesion than the same metals against the 
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Fig. 1—Static fric- 
tion coefficients and 
DPH values vs diffu- 
sion layer of oxygen 
in a@ titanium. (Zero 
of abscissa is taken 
at interface between 
compound and a ti- 
tanium solid solu- 
tion.) 
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reduced oxide. According to Eq. 2, variation of the 
hardness of the copper hemisphere should result in 
a variation in the friction coefficient. An experiment 
carried out to check this point failed to reveal such 
variation. In view of this fact, it has been con- 
cluded that a, the fraction of the contact area that 
welds, must be a function of the oxygen or nitrogen 
content in solution in a titanium. An interpretation 
of this conclusion is that two phases exist in the sur- 
face layer even at bulk concentrations below the 
bulk solubility limit of one of the phases. The areal 
ratio of these two phases then must vary with the 
bulk concentration. The weldability of one of the 
phases is assumed to be much less than that of the 
other phase in this interpretation. 


Application of Results 

It is apparent that the friction coefficient of oxi- 
dized or nitrided surfaces of titanium will be low 
even with the solute in solution and the oxides or 
nitrides absent. Protection in depth thus can be 
given to titanium surfaces prior to drawing opera- 
tions by diffusing oxygen or nitrogen or air to a 
desired depth and, if necessary, removing the brittle 
compound layers. 

With respect to machineability, it would be ex- 
pected that the optimum cutting conditions would 
vary with the interstitial content of the titanium, in 
view of the probability that the friction coefficient 
between work and tool would vary likewise. 

With respect to weldability, there is no doubt that 
the lower the oxygen or nitrogen content, the better 
will be the solid-phase weldability. The rapid in- 
crease in friction coefficient with decreasing solute 
content below 0.3 pct implies that marked improve- 
ment in such weldability can be obtained if the sum 


Fig. 2—Static fric- 
tion coefficients and 
too OPH values vs diffu- 
= sion layer of nitrogen 
Jig” in titanium. (Zero 
of abscissa is taken 
at interface between 
compound and a ti- 
 tanium solid  solu- 
tion.) 
= 
HARONESS WS 
| ” L 3 


LAYER (CHES) 


Fig. 3—Static fric- 
tion coefficient vs 
the amount of inter- 
stitial solute. 


= 


| 1 L 1 i 
‘ oe oe te w 
PEOCENT OVGEN 


990—JOURNAL OF METALS, SEPTEMBER 1954 


16 


Fig. 4—Static fric- 20s 
tion coefficients vs 

the amount of inter- £07 
stitial solute. 


cp 


6) 1 1 1 1 
02 os 06 os 12 
WEIGHT PERCENT NITROGEN 


of the oxygen and nitrogen content is below 0.3 pct. 
This conclusion, which is made for the weldability 
of copper to titanium, also applies to the weldability 
of titanium to titanium, the curve of friction co- 
efficient vs percent solute having the same shape. 

With respect to ductility of titanium containing 
oxygen or nitrogen, a marked loss of ductility should 
occur at some oxygen or nitrogen level above about 
0.4 pet. Failure should occur at the grain boundaries. 
The basis for this conclusion is the fact that the fric- 
tion coefficient at the 0.4 pct level is about the same 
as that found for TiO, against TiO,’ and the fact that 
the grains of TiO, do not stick together under the 
tensile stresses used. This particular conclusion has 
been verified in practice.” A marked loss of ductility 
is found to occur above 0.3 pct O and 0.1 pct N. How- 
ever, the elongation does not become zero until about 
0.75 pet O and 0.45 pct N.* 

It is believed that this work demonstrates for the 
first time a correlation between friction data and 
mechanical properties. 
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IMD Fall Meeting Spotlights 
Growing Titanium Technology 


Ce news 


NE of the major attractions of the Chicago Fall 
Meeting of the Institute of Metals Div., November 
1 to 3, is the Third Annual Titanium Symposium. This 
and all other IMD activities will take place at the 
Morrison Hotel, headquarters for the Fall Meeting 
during the National Metal Congress and Exposition. 

The Titanium session is scheduled for the morning 
and afternoon of Tuesday, November 2. Papers cover- 
ing commercial alloys, melting, hot working, heat 
treatment, and joining of titanium are slated for the 
morning. Two more papers, dealing with titanium in 
aircraft, are on the early part of the program. Out- 
standing authorities on the production and utilization 
of titanium will take part in the panel discussion in the 
afternoon. 

The informal evening technical session, inaugurated 
four years ago, will be another feature of this year’s 


meeting. The session is capped with a social hour 
which includes beer, soft drinks, and relaxed conversa- 
tion. Registration for the meeting will start Sunday at 
1 pm, in the ballroom of the Morrison Hotel, and con- 
tinue to 9 pm. Monday registration will be from 8 am 
to 9 pm. The desks will also be open from 8 am to 5 pm 
on Tuesday and 9 am to 5 pm Wednesday. Member 
registration is $2.00 while the charge to nonmembers 
is $4.00. AIME student associates will not be charged 
for registration. Fee to non AIME students is $1.00. 

The $1.00 fee for the informal technical session can 
be paid at time of registration. Preprints will be dis- 
tributed at registration while the supply lasts. 

The Annual IMD Fall Dinner will be held Tuesday, 
7 pm, in the Cotillion Room. The pre-dinner cocktail 
party will be with the compliments of the Chicago 
Section. Dress for the dinner is informal. 


SUNDAY, OCTOBER 31 


8:00 pm 


IMD Program Committee Meeting 
D. J. Blickwede, Chairman 


4:30 pm 


IMD Publications Committee Meeting 
W. R. Hibbard, Jr., Chairman 


- MONDAY, NOVEMBER | 


9:30 am to 12:00 m, Ballroom 
Deformation 
W. A. Backofen, Chairman 


Preferred Orientation of Cold Rolled Uranium Foil: 
W. E. Seymour, General Electric Co. JOURNAL oF 
METALS, September 1954 

Mechanism of Ortho Kink-Band Formation in Com- 
Pressed Zine Monocrystals: J. J. Gilman, General 
Electric Co. JOURNAL OF METALS, May 1954 

Strain Hardening of Latent Slip Systems in Zinc Crys- 

tals: E. H. Edwards, Standard Oil Co. of California 

and J. Washburn, University of California 


Effects of Temperature on the Deformation of Beta 
Brass: C. S. Barrett, University of Chicago. JoURNAL 
or METALS, September 1954 

Quantitative Substructure and Tensile Property Inves- 
tigations of Nickel Alloys: E. R. Parker and B. Ancker, 
University of California 

Stress-Strain Characteristics and Slip Band Formation 
in Metal Crystals: F. D. Rosi, RCA Laboratories. 
JOURNAL OF METALS, September 1954 


9:30 am to 12:00 m, Cotillion Room 


Constitution 
S. C. Carapella, Jr. and B. D. Cullity, Chairmen 


Columbium-Vanadium Alloy System: H. A. Wilhelm, 
O. N. Carlson, and J. M. Dickenson, Iowa State Col- 
lege. JOURNAL OF METALS, August 1954 

Solid Solubility of Oxygen in Columbium: A. U. Sey- 
bolt, General Electric Co. JourNAL or METALS, June 
1954 

Solubility of Oxygen in Alpha Iron: A. U. Seybolt, 
General Electric Co. JourNAL or METALS, May 1954 

Precipitation of Iron Oxide from Alpha-Iron Oxide 
Solid Solutions: A, U. Seybolt, General Electric Co. 
JOURNAL OF METALS, September 1954 

Chromium-Rich Portion of the Chromium-Nickel Phase 

Diagram: Charles Stein and N. J. Grant, Massachu- 

setts Institute of Technology 
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Effect of Nitrogen on Sigma Formation in Nickel- 
Chromium Steels at 1200°F: G. F. Tisinai, J. K. Stan- 
ley, and C. H. Samans, Standard Oil Co. of Indiana. 

Solubility and Decomposition Pressures of Hydrogen in 
Alpha-Zirconium: E. A. Gulbransen and K. F. An- 
drew, Westinghouse Electric Corp. 

Metallographic Study of Equilibrium Relationships in 
3S Aluminum Alloy: P. R. Sperry, Kaiser Aluminum 
& Chemical Corp. 


2:00 to 5:00 pm, Cotillion Room 


Diffusion 
J. H. Keeler and R. W. Baluffi, Chairmen 


Mobilities in Diffusion in Alpha Brass: G. T. Horne and 
R. F. Mehl, Carnegie Institute of Technology 

Self Diffusivity Along Edge Dislocation Singular Lines 
in Silver: A. H. Hendrickson and E. S. Machlin, 
Columbia University. JouRNAL or Meta.s, September 
1954 

Rate of Self-Diffusion in Polycrystalline Magnesium: 
P. G. Shewmon and F. N. Rhines, Carnegie Institute 
of Technology. JouRNAL oF Meta.s, September 1954 

Determination of the Self-Diffusion Coefficients of Gold 
by Autoradiography: H. C. Gatos, E. I. du Pont de 
Nemours & Co., Inc. and A. D. Kurtz, Massachusetts 
Institute of Technology. JouRNAL or METALS, May 1954 

Cation Self-Diffusion in Wustite and Cobaltous Oxide 
and an Examination of the Decrease of Surface Ac- 
tivity Method of Measuring Self-Diffusion Coeffici- 
ents: R. E. Carter, Dept. of Mines and Technical Sur- 
veys, Canada and F. D. Richardson, Imperial College 
of Science and Technology, England 

Solution Rate of Solid Aluminum in Molten Alumi- 
num-Silicon Alloy: C. M. Craighead, E. W. Caw- 
thorne and R. I. Jaffee, Battelle Memorial Institute 


2:00 to 5:00 pm, Ballroom 


Powder Metallurgy and Oxidation 
A. J. Shaler, Chairman 


Electron Optical Study of the Initial Stages of Oxida- 
tion of High Purity Iron at Oxygen Pressures of 0.1 
to 2 Microns of Hg Between 650° to 850°C: W. A. 
McMillan, K. F. Andrew, and E. A. Gulbransen, 
Westinghouse Research Laboratories. JouRNAL oF 
MetALs, September 1954 

High Pressure Oxidation of Metals—Tantalum in Oxy- 
gen: R. C. Peterson, W. M. Fassell, Jr., and M. E. 
Wadsworth, University of Utah. JourNAL or METALs, 
September 1954 

Warm Pressing of Beryllium Powder: N. P. Pinto, 
Sylvania Electric Products Inc. JouRNAL oF METALs, 
May 1954 

Influence of Additives in the Production of High Coer- 
civity of Ultra-Fine Iron Powder: G. P. Conard, II, 
E. W. Stewart and J. F. Libsch, Lehigh University 


4:30 pm 


Membership Committee Meeting 


J. P. Nielsen, Chairman 
8:00 pm, Ballroom 


Metal Science 


J. H. Hollomon and Bruce Chalmers, Chairnen 
Precipitation Qut of Dual Solid Solutions of Carbon 
and Nitrogen in Iron: C. Wert, University of Ilinvis. 
Creep of Silver Bromide at High Temperatures: R. W. 
Christy, Dartmouth College 
Effect of Relative Crystal and Boundary Orientations 
on Grain Boundary Diffusion Rates: D. Turnbull 
and R. E. Hoffman, General Electric Co. 
Effect of the Structure of Dislocation Boundaries on 
Yield Strength: J. Washburn, University of California 
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TUESDAY, NOVEMBER 2 


9:00 am to 12:00 m, Cotillion Room 


General 
Howard Scott and Paul Gordon, Chairmen 

Influence of Carbon and Manganese on the Properties 
of Semikilled Hot Rolled Steel: F. W. Boulger and 
R. H. Frazier, Battelle Memorial Institute. JouRNAL 
Or METALS, May 1954 

Temper Embrittlement of 5140 Steel: S. A. Bush and C. 
A. Siebert, University of Michigan 


Coefficients: of Thermal Expansion of Zirconium: R. B. 
Russell, Massachusetts Institute of Technology. Jour- 
NAL OF MerTALs, September 1954 

Physical and Mechanical Properties of Rhenium: C. T. 
Sims, C. M. Craighead, and R. I. Jaffee, Battelle 
Memorial Institute 

Ferromagnetism of Certain Manganese Rich Alloys: 
E. R. Morgan, Ford Motor Co. JouRNAL OF METALS, 
September 1954 


Preparation and Arc Melting of High Purity Iron: G. 
W. P. Rengstorff and H. B. Goodwin, Battelle Me- 
morial Institute 


Mathematical Methods for Zone Melting Processes: 
Howard Reiss, Bell Telephone Laboratories. JouRNAL 
or MetAts, September 1954 

Viscosity and Density of Liquid Lead-Tin and Anti- 
mon-Cadmium Systems: H. J. Fisher, Dept. of Mines 
and Technical Surveys, Canada and Arthur Phillips, 
Yale University. JouRNAL or METALS, September 1954 


9:00 am to 12:00 m, Ballroom 


Third Annual Symposium on Titanium 
Technical Review Papers 
W. L. Finlay and V. W. Whitmer, Chairmen 


Interesting Alloy Systems, Commercial Alloys, Melting 
and Hot Working of Titanium: D. J. McPherson, 
Armour Research Foundation of Illinois Institute of 
Technology 

General Physical Metallurgy, Including Effects of In- 
terstitials, Heat Treatment and Joining of Titanium: 
R. I. Jaffee, Battelle Memoriai Institute 

Hydrogen in Titanium: Harold Kessler, Titanium 
Metals Corp. of America 

Use of Titanium in Airframes: Gordon Fairbairn, 
North American Aviation, Inc. 

Use of Titanium in Aircraft of the Future: N. E. Promi- 


sel, Navy Dept., Bureau of Aeronautics 
12:30 pm 
IMD Executive Committee Luncheon Meeting 
J. H. Scaff, Chairman 
2:00 to 5:00 pm, Baliroom 


Third Annual Symposium on Titanium 
Panel Discussion 


W. A. Dean and L. D. Jaffe, Chairmen 


Panelists: 


L. A. Best, Douglas Aircraft Co. 
L. R. Frazier, General Electric Co. 
T. W. Lippert, Titanium Metals Corp. of America 
Frank Vandenburgh, Mallory-Sharon Titanium Corp. 
Major R. J. Kotfila, Wright-Patterson Air Force Base 
J. B. Sutton, E. I. du Pont de Nemours & Co., Inc. 


= ~ 


2:00 to 5:00 pm, Cotillion Room 


Phase Transformation and Recrystallization 
E. S. Machlin and J. K. Stanley, Chairmen 


On the Nucleation of Pearlite: M. E. Nicholson, Uni- 
versity of Chicago. JouRNAL or METALS, September 
1954 

Characteristics and Stability of the Bainite Reaction: 
R. F. Hehemann and A. R. Troiano, Case Institute 
of Technology 

Some Characteristics of the Isothermal Martensitic 
Transformation: B. L. Averbach, C. H. Shih, and 
Morris Cohen, Massachusetts Institute of Technology 

Ordering Reaction of the Cu,Pd Alloy: A. H. Geisler 
and J. B. Newkirk, General Electric Co. JOURNAL 
or METALS, September 1954 

Mechanism for the Origin of Recrystallization Nuclei: 
J. P. Nielsen, New York University. JOURNAL OF 
METALS, September 1954 

New High Temperature Reaction Calorimeter: O. J. 
Kleppa, University of Chicago 

Some Observations on the Tertiary Stage of Creep of 
High Purity Aluminum: G. R. Wilms, Reference 
Standards Laboratories, Australia 


4:00 pm 
Nuclear Metallurgy Committee Meeting 
D. W. Lillie, Chairman 


WEDNESDAY, NOVEMBER 3 


2:00 to 5:00 pm, Cotillion Room 
Creep 
H. E. Howe, Chairman 


Some Observations on Grain Boundary Shearing Dur- 
ing Creep: J. E. Dorn, Bernard Fazan, and O. D. 
Sherby, University of California. JouRNAL oF MeEt- 
ALS, August 1954 


Creep Rupture Characteristics of Aluminum-Magne- 
sium Solid Solution Alloys: N. J. Grant, Massachu- 
setts Institute of Technology and A. W. Mullendore, 
Wright-Patterson Air Force Base. JOURNAL oF MET- 
ALS, September 1954 

Creep Behavior of Magnesium-Cerium Alloys: C. S. 
Roberts, Dow Chemical Co. JOURNAL oF METALS, 
May 1954 

Creep Rupture Properties and Structural Changes in 
Carbon and Low Alloy Steels: A. B. Wilder, E. F. 
Ketterer, and D. B. Collyer, National Tube Div., 
U. S. Steel Corp. JourNAL or Metats, June 1954 


2:00 to 5:00 pm, Ballroom 
Titanium 
H. D. Kessler and Harold Margolin, Chairmen 


Correlation Between Microstructure and Resistivity of 
Transforming Ti-Mn Alloys: D. J. Delazaro, Kropp 
Forge Co. and D. W. Levinson, Armour Research 
Foundation of Illinois Institute of Technology. Jour- 
NAL OF METALS, September 1954 

Effect of Alpha Solutes on the Heat Treatment Re- 
sponse of Ti-Mn Alloys: H. R. Ogden, F. C. Holden, 
and R. I. Jaffee, Battelle Memorial Institute 

Mechanical Properties of Alpha Titanium as Affected 
by Structure and Composition: R. I. Jaffee, F. C. 
Holden, and H. R. Ogden, Battelle Memorial Institute 

Heat Treatment and Mechanical Properties of Ti-Cu 
Alloys: F. C. Holden, A. A. Watts, H. R. Ogden, and 
R. I. Jaffee, Battelle Memorial Institute 

Structure and Properties of Ti-C Alloys: H. R. Ogden, 
R. I. Jaffee, and F. C. Holden, Battelle Memorial In- 
stitute 

Titanium-Lead System: Paul Farrar and Harold Mar- 
golin, New York University 

Phase Transformations in Titanium-Rich Alloys of Iron 
and Titanium: J. G. Parr and D. H. Polonis, Univer- 
sity of British Columbia 

Selected Isothermal Sections in the Titanium-Rich 
Corners of the Systems Ti-Fe-O, Ti-Cr-O and 

Ti-Ni-O: W. Rostoker, Armour Research Foundation 

of Illinois Institute of Technology 


Nuclear Energy 


Committee Proposed 


Authority has been given the Sec- 
retary to survey the possibilities of 
organizing an AIME Committee on 
Nuclear Energy. It would be de- 
signed to further the interests of 
members involved in various activi- 
ties connected with the nuclear en- 
ergy program in such specific fields 
as exploration, mining, milling, ex- 
tractive metallurgy, refractories, 
physical metallurgy, economics, and 
utilization. If sufficient interest is 
shown, the Commiitee will be or- 
ganized, and it may be possible to 
have one or two sessions at the 
Annual Meeting next February in 
Chicago. Fall meetings might be or- 
ganized jointly with similar groups 
in other societies, such as the ASME 
and the AIChE, each contributing 
papers for a day’s sessions. Eventu- 
ally the Committee might develop 
into a new Division of the Institute. 
Those favoring the idea, or anxious 


to participate in the work of sub- 
committees, are invited to write to 
the Secretary of the Institute. 


Consider AIME 


Meeting in Lima, Peru 


A tentative proposal of the Lima, 
Peru, Local Section of the AIME 
that a meeting be arranged two or 
three years hence in that country 
was considered by the Executive 
Committee of the Institute at its 
June meeting. Doubt was expressed 
that a sufficient number of AIME 
members would be able to afford the 
expense or time that such a trip 
might require, to justify the exten- 
sive planning required. Living fa- 
cilities for visitors at mining camps 
in the vicinity to which field trips 
might be taken were also believed 
extremely limited. The proffered 
hospitality of the Lima Local Sec- 
tion was deeply appreciated and if 
sufficient interest develops the mat- 
ter will be reconsidered. 


Name AIME 
Research Committee 


An AIME Committee on Research 
has been established, with the fol- 
lowing personnel: Francis B. Foley, 
Chairman; S. S. Cole, A. M. Gaudin, 
Elmer R. Kaiser, E. P. Pfleider, A. J. 
Phillips, R. E. Salvati, Earle E. 
Schumacher, and J. S. Sherborne. 
The stated functions of the commit- 
tee are: (1) To review, at least an- 
nually, progress on the Engineering 
Foundation projects that the AIME 
recommends. (2) To enccurage sub- 
mission to Engineering Foundation 
of new projects in the various fields 
of the Institute. (3) To review the 
Rules of Administration of the Engi- 
neering Foundation and suggest any 
desirable changes. Other specific 
duties may be assigned the commit- 
tee from time to time in the future. 
AIME members wishing financial 
support of research should get in 
touch with the Committee. 
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Committee to Study 
Engineering Building 


The problem of what kind of a 
building to erect for the national 
engineering societies, and where to 
put it, has been placed in the hands 
of a “Committee of the Five Presi- 
dents,” composed of the current 
presidents of AIME, ASCE, ASME, 
AIEE, and AIChE. Inspection trips 
have recently been made to several 
proposed sites in Chicago and im- 
mediate vicinity, and to a site on the 
Stevens Institute campus in Hobo- 
ken, N. J. Interest has also been 
aroused by a proposal from Robert 
Moses, Commissioner of the New 
York City Dept. of Parks, that the 
societies consider a site of 1.3 acres 
in a slum-clearance project in the 
Columbus Circle area, The specific 
location suggested is at the north- 
east corner of 60th and Amsterdam 
Ave., adjacent to the proposed new 
Metropolitan Opera House. A review 
is being made of all offers and pro- 
posals so far made, which will be 
considered by the Committee of the 
Five Presidents. 


Two New Sections 
Gain AIME Approval 


Two new Local Sections of the 
AIME were approved at the April 21 
meeting of the Executive Committee 
of the AIME Board of Directors. 


One, to be known as the Arkansas 
Section, takes the place of the for- 
mer Arkansas Subsection of the St. 
Louis Section. It includes substanti- 
ally that area north of a line extend- 
ing across the state east and west of 
Hot Springs, 54 counties in all. The 
remaining southern area of the State 
is included in Lou-Ark Section ter- 
ritory. 

The other, to be known as the 
Colorado Plateau Section, takes the 
place of the former San Juan Sub- 
section of the Colorado Section. The 
new Section will include all AIME 
members (except Petroleum Branch 
members, who are members of the 
Denver Petroleum Section) in the 
following counties of the state: Delta, 
Dolores, Garfield, Gunnison, Hins- 
dale, La Plata, Mesa, Moffat, Monte- 
zuma, Montrose, Ouray, Pitkin, Rio 
Blanco, Routt, San Juan, and San 
Miguel. This includes the San Juan 
area and the new uranium territory. 

Five counties of Texas, not here- 
tofore included in any Local Section 
territory, have been added to the 
Southwest Texas Section, as follows: 
Blanco, Burnett, Gillespie, Llano, 
and Mason. 

Territory of the new San Joaquin 
Valley Local Section has now defi- 
nitely been established to consist of 
the following counties in California. 
Fresno, Kern, Kings, San Luis 
Obispo, Santa Barbara, and Tulare. 
Some of this area had formerly been 
included in the territory of either the 
Southern California or San Francisco 
Sections. 


Leg Injury Fails to Stop President Reinartz 


‘ 


Leo F. Reinartz, AIME President, kept right on going after an injury sustained while 
attending a meeting of the American tron & Steel institute in New York. After an 
enforced stay at a New York hospital following an operation to correct severely injured 
muscles and tendons, Mr. Reinartz flew back to Middletown. Once back in Ohio, he set 
up operations in his home and continued to carry out his Armco duties. Here he dic- 
tates to his secretary, Mrs. Betty Maier. 
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AIME Recommends 
Projects For Research 


Four research projects have been 
recommended by the AIME for spon- 
sorship by the Engineering Founda- 
tion in the coming year. 

EF 104. Comminution, in charge of 
R. J. Charles at MIT. The work is 
being done on two problems: to as- 
certain accurately what physical 
changes take place in substances that 
have undergone mechanical size re- 
duction; and to determine precisely 
how these changes are accomplished. 
Last year a method of fine size anal- 
ysis was developed, involving size 
fractionation by elutriation in a 
centrifugal field. Particles less than 
1 micron can be separated efficiently 
and quickly from an initial sample 
containing particles of all sizes. 

Other projects include: EF 80— 
Quenching Investigations; EF 97— 
Diffusion in Steel; and EF 32— Al- 
loys of Iron Research. 


Two Mudd Books For 


New Junior Members 


Currently, two books are given to 
new Junior Members of the AIME 
through the courtesy of the Seeley 
W. Mudd Memorial Fund. One, 
given to all such new members 
without specific request, is A Pro- 
fessional Guide for Junior Engineers, 
published by Engineers’ Council for 
Professional Development, which 
has been widely acclaimed. The other 
is to be selected by the member 
from a list of several volumes in the 
various fields of the Institute, the 
most popular being a reprint of the 
Hoover translation of Agricola’s 
De Re Metallica. 


Annual Meetings For 
1959 and 1961 


The Board of Directors has 
accepted invitations from the 
San Francisco Section to be 
host for the Annual Meeting in 
1959, and from the St. Louis 
Section for the meeting in 1961. 
The dates will be Feb. 15 to 19, 
1959, and Feb. 19 to 23, 1961. 
Annual Meetings heretofore 
scheduJed are: Chicago, Feb. 
13 to 17, 1955; New York, Feb. 
19 to 23, 1956; New Orleans, 
Feb. 24 to 28, 1957; New York, 
Feb. 16 to 20, 1958; New York, 
Feb. 14 to 18, 1960; and New 
York, Feb. 18 to 22, 1962. 
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@ When you are looking for a way 
to cut waste in operations involving 
Stainless Steel bar stock, begin with 
the raw material. Buy exactly what 
you need. You can do this when you 
buy USS Stainless Steel bar stock. 

The most complete range of sizes 
and shapes of Stainless bars in the 
popular grades used by industry is 
available from United States Steel. 
From this single, convenient source, 
you can fill all your needs for Stain- 
less bars, including sizes and shapes 


UNITED STATES STEEL CORPORATION, PITTSBURGH 


COLUMBIA-GENEVA STEEL DIVISION, SAN FRANCISCO 


not readily available elsewhere. 

By using exactly the right stock, 
you'll eliminate wasted material and 
wasted operations. You'll lower your 
costs and get a better end product 
at the same time. 

USS Stainless Steel bars, in the 
widest range of sizes and grades, are 
available in rounds, squares, hexa- 
gonals, octagons, and flats. They can 
be furnished hot rolled, annealed 
and pickled, cold drawn, centerless 
ground, or polished. 


AMERICAN STEEL & WIRE DIVISION, CLEVELAND 
+ WATIONAL TUBE DIVISION, PITTSBURGH 


TENNESSEE COAL & IRON DIVISION, FAIRFIELD, ALA. 


UNITED STATES STEEL SUPPLY DIVISION, WAREHOUSE DISTRIBUTORS 
UNITED STATES STEEL EXPORT COMPANY, NEW YORK 


USS STAINLESS STEEL 


SHEETS - STRIP - PLATES - BARS - BILLETS 


PIPE - TUBES - WIRE - SPECIAL SECTIONS 


on USS Stainless 
Steel bar Stock 


For prom 
pt service on im- 
mediate requirements, call 
our Stainless ess Steel ware. 
ouse distributor today 


deli 
Stainless Stoel 
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N. B. PILLING 


W. A. WESLEY 


Norman B. Pilling has been appointed assistant to the vice president, man- 
ager, development and research div., International Nickel Co., Inc., New York. 
W. Andrew Wesley succeeds him as head of the Bayonne research laboratory. 
John T. Eash, metallurgical supervisor and head of the ferrous castings sec- 
tion of the laboratory was named assistant manager. Mr. Pilling joined Inco 
in 1914 as a research metallurgist at the Bayonne research laboratory. Dr. 
Wesley became a member of the staff at Bayonne in 1926 as a research 
chemist. Dr. Eash has been with the firm since 1931 when he joined the 
Bayonne laboratory as a research metallurgist. 


J. G. McMullin has been transferred 
from the metallurgy research dept. 
of the General Electric research lab- 
oratory to the large steam turbine- 
generator dept., materials and proc- 
esses laboratory, Schenectady, N. Y. 


T. A. Read is now professor of metal- 
lurgy and head of the dept. of min- 
ing and metallurgical engineering, 
University of Illinois. Dr. Read had 
been on the staff of the Columbia 
University School of Mines, New 
York. 


W. C. RUECKEL 


W. C. Rueckel has been named a vice 
president of the Henry J. Kaiser Co., 
Oakland, Calif. Dr. Rueckel, for- 
merly a division manager for Kaiser 
Engineers, has been made manager 
of development and sales. 


L. J. Rohl has been appointed to the 
newly created position of chief met- 
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allurgical engineer of the U. S. Steel 
Corp. He will coordinate the metal- 
lurgical activities of all the divisions. 
R. W. Simon has been named chief 
metallurgical engineer, operations- 
steel, succeeding Mr. Rohl. Mr. Rohl 
joined U. S. Steel at South Works, 
Chicago, in 1917. Mr. Simon has 
been associated with the company 
since 1927 when he joined as a met- 
allurgical assistant at the Homestead 
Works. 


Carl B. Post, chief metallurgist, Car- 
penter Steel Co., Reading, Pa., has 
been appointed head of the metal- 
lurgical and research departments. 
George V. Luerssen, vice president 
in charge of metallurgy has retired 
after 47 years of service with the 
company. Dr. Post has been chief 
metallurgist since 1951 and a mem- 
ber of the metallurgical staff since 
1938. 


Howard Biers was elected the first 
American president of the Interna- 
tional Institute of Welding at Flor- 
ence, Italy. The University of Min- 
ing and Metallurgy, Leoben, Austria, 
also conferred upon him the honor- 
ary degree of Doctor of Mining and 
Metallurgical Sciences. 


Shamsher Singh Taluja_ recently 
completed a training period with 
M/s Bochumer Verein, Bochum, 
West Germany and is returning to 
India. He had been connected with 
Hoesch A.G., Dortmund, West Ger- 
many. Mr. Taluja will be with the 
S. P. Engineering Corp., Kanpur, 
India as technical director. 


Samuel G. MacNeill is now associ- 
ated with the Charles C. Kawin Co., 
Chicago, as metallurgical engineer. 
Mr. MacNeill was formerly con- 
nected with the Cannon-Muskegon 
Corp. and prior to this, was with the 
Haynes Stellite Div., Union Carbide 
& Carbon Corp. 


George A. Komadina has been pro- 
moted to chief metallurgist for the 
Eagle-Picher Co., mining and smelt- 
ing div., Miami, Okla. Mr. Komadina 
had been assistant mill superinten- 
dent for the central mill. 


Norman L. Mochel, manager metal- 
lurgical engineering, Westinghouse 
Electric Corp., Philadelphia, has 
been elected as president of the 
ASTM for the year 1954 to 1955. 
Rudolph A. Schatzel, vice president 
and director of engineering, Rome 
Cable Corp., Rome, N. Y., has been 
elected vice president for a two-year 
term. Edward J. Albert, president 
and treasurer, Thwing-Albert In- 
strument Co., Philadelphia, was 
elected to the board of directors for 
a three-year term. 


Geoffrey M. Rollason, general mana- 
ger of the Aluminum Co. of America, 
die castings div., has retired after 35 
years of service with the company. 
Mr. Rollason joined Alcoa in 1919 as 
a research engineer at Cleveland. He 
was elected president of the Ameri- 
can Die Casting Institute in 1953 and 
is a director. 


A. D. C. Bayley has become assistant 
consulting metallurgist for the Ang- 
lo-American Corp. of South Africa, 
Ltd., Kitwe, Northern Rhodesia. Mr. 
Bayley had been superintendent of 
development, metallurgical div., Con- 
solidated Mining & Smelting Co. of 
Canada Ltd., Trail, B. C. 


R. PETERSON 


Robert Peterson has joined the met- 
als research laboratories of the Elec- 
tro Metallurgical Co., Niagara Falls, 
N. Y., as technical assistant. 


Richard A. Swalin has joined the 
General Electric Co. research labo- 
ratory, Schenectady, N. Y. 
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FOR ADDING 
CHROMIUM TO ) 


@ HIGH-TEMPERATURE ALLOYS 


@ CORROSION-RESISTANT ALLOYS 


@ ELECTRICAL RESISTANCE ALLOYS 


@ NON-FERROUS METAL-CUTTING TOOLS 


Electrolytic |) 


@ HARD-FACING MATERIALS 


tron 


Metal 


Now, for the first time, electrolytic chromium of chromium of low iron content are needed. 
metal is commercially available in tonnage quan- For further information about electrolytic 
tities. It is being manufactured in ELecrrometr’s chromium metal and other ELectromert ferro- 
new Marietta, Ohio plant. Electrolytic chromium _ alloys and metals, please contact the nearest 
can be advantageously used whenever additions | E.ecrromet office listed below. 


The term “Electromet’’ is a registered trade-mark of Union Carbide and Carbon Corporation, 


' 


ELECTRO METALLURGICAL COMPANY 


A Division of Union Carbide and Carbon Corporatio: ae f 
30 East 42nd Street [qq New York 17. N. Y. ; 
OFFICES: Birmingham « Chicago « Cleveland Detroit 
Houston e Los Angeles « New York e Pittsburgh e San Francisco a 


TRADE MARK 
In Canada: Ele Metallur many, Division of 


Union Carbide Canada Welland, Ontario Ferro-Alloys and Metals 
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Obituaries 


An Appreciation of 
Edwin L. Ramsey 
By Leo F. Reinartz 


Mr. E. L. Ramsey, or “Buck” as he 
was familiarly and lovingly called 
by all his friends, passed away on 
July 22, 1954. 

Mr. Ramsey was born on Oct. 23, 
1879 in Mercer, Pa. He attended the 
local schools and graduated from 
Volant Teacher's College, Volant, 
Pa. Mr. Ramsey entered the steel 
industry in 1901, with the Sharon 
Steel Hoop Co. in Sharon, Pa., and 
remained with that company until 
1915. From i915 to 1917, he worked 
at the Ohio Works of the U. S. Steel 
Corp. in Youngstown, Ohio; then for 
the next two years he was associated 
with the Mesta Machine Co. in Pitts- 
burgh, Pa. From 1920 to 1922 he was 
superintendent of open hearth dept., 
Eastern Steel Co., Pottsville, Pa. 

In May 1922, Mr. Ramsey came to 
Wisconsin Steel Works, International 
Harvester Co., in Chicago, IIL, as 
superintendent of the open hearth 
dept. Under his expert supervision, 
that department was expanded from 
five to eleven open hearth furnaces. 
In 1930, Mr. Ramsey wus promoted 
to superintendent of steel production 
and placed in charge of the plant’s 
open hearth, blooming, and old Bes- 
semer operations. The first heat of 
alloy steel ever produced at Wiscon- 
sin Steel was tapped on Jan. 20, 1931, 
under the direction of Mr. Ramsey. 
In 1947, Mr. Ramsey retired from 
Wisconsin Steel Works after 25 years 
of service. After retirement from 
Wisconsin Mr. Ramsey joined Miller 
& Co. of Chicago as a steel consult- 
ant, and remained with that firm 
until his death. 

He was a pioneer in the steel 
melting game and knew it from the 
bottom up—as a man on the furnace, 
the foreman, and the superintendent. 

Like a number of early steel 
melters, Buck was always ready to 
give a helping hand to the younger 
men coming up in the open hearth 
business. Since its beginning, he 
took active part in the work of the 
National Open Hearth Conference. 
He was one of the leaders of this 
movement during the difficult organ- 
izing days of the late '20s. He was 
always a colorful figure in any meet- 
ing which he attended. The National 
Open Hearth Conference elected him 
as its Vice Chairman in 1946 and 
later on in 1947 honored him with 
the Chairmanship. 

He was a loyal and active member 
of the AIME. He was known for his 
good humor and friendly attitude to- 
wards his friends and acquaintances. 

The industry has lost an experi- 
enced steelman; the open hearth 
fraternity has lost an “old timer” 
and a good friend. 
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Modern Morgan Rolling Mills have been 
specifically developed by skilled technical pio- 
neers to meet the demands of mass production. 
Their contributions, as partially listed at the left, 
have given industry the rolling mill equipment it 
needs to produce . . . more products . . . better 
products .. .at less cost. 


A few Morgan Rolling Mill 
Contributions Developed 
and Patented since 1882 


2 Continuous Billet and Sheet Bar Mill 
Continuous Skelp Mill 
Continuous Mill—Twist Guides 
Automatic Rod Reel 
Continuous Billet Heating Furnace 
Hydraulic Flying Shear 
Steam Flying Shears 
Up and Down Cut Flying Shear 
Duo-Finishing Mill 


Made with skill, Morgan equipment produces 
larger tonnages more easily, with greater safety. 
Bring your problem to Morgan. 


— 


MORGAN CONSTRUCTION COMPANY 


Escapement Type Cooling Bed WORCESTER, MASSACHUSETTS catia 
Universal Type Cooling Bed Rolling Mills - | Morgoil Bearings - Wire Mills 
Carry-over Type Cooling Bed Regenerative Furnace Control - Ejectors - Gas Producers 
Automatic Pack Annealing on Cooling English Representative 
Bed International Construction Co., 56 Kingsway, London, W. C. 2, England 


Four Strand Rod Mill 
Double Strand Merchant Mill 
Skew Y Reversing Tables 
Edging Mills 
Vertical Mills 
Morgoil Bearings 
: Automatic Billet and Slab Separating 
Skids 
Electric Crop and Cobble Shear 


™ 
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OF BETTER GRADE SINTERED PRODUCTS 


SINTERING | 
PLANTS 


BAILEY FEEDER FURNACE 
Improves 
Pug Mill Operations i iC ATCHERS 


These mills are the means to increased tonnage and a more 
uniform grade of sintered product. They are ruggedly built 
to provide continuous, low-cost service under severe operat- 
ing conditions, and the design is such that a higher bed can 
be used without increasing wind box vacuum. Made in the 
capacity you require, they are available in single and double 

Adaptable to all Bailey Pug Mills, shaft models with either direct or rope drive. 

the Bailey Feeder speeds the sin- 

tering process and makes possible 

substantial cost savings through 

the reduction of hand labor. The 

unit is operated by a motor-driven 


screw-lype conveyor. 


PITTSBURGH 16, PA 
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Preferred Orientation Of 
Cold-Rolled Uranium Foil 


by W. Seymour 


Uranium was cold rolled to a reduction in thickness of 90 pct and the preferred 


Fig. 1—Stereographic spiral net. 


orientation of the grains was determined from X-ray intensity data. Complete pole 
figures for a large number of atom planes were plotted, and the preferred orienta- 
tion was found to be duplex (102) [010] -+- (012) [021]. These preferred orientations 


Hes: preferred orientation of a highly reduced 
cold-rolled uranium strip was determined in 
order to obtain additional experimental data which 
would be useful in further understanding the de- 
formation mechanisms of uranium. The preferred 
orientations reported herein are not in agreement 
with those theoretically predicted by Calnan and 
Clews' for cold-rolled uranium sheets, and differ 
somewhat from those reported from experiments by 
Fisher, and Burke and Turkalo. Such variations 
might be accounted for by differences in the fabrica- 
tion temperature and the reductions. 


Experimental Procedure 

The uranium used in this investigation had been 
hot rolled to 0.060 in. at 575°C from 0.393 in., and 
from a 0.060 to 0.020 in. thick sheet at 275°C. From 
this point the sheet was cold reduced 90 pct to 0.002 
in. at room temperature. 

Three specimens were used to obtain complete 
pole-figure data. The first was a % in. square section 
illuminated by the X-ray beam on the rolling sur- 
face. The other two were % in. square longitudinal 
and transverse sections each made as follows: Ap- 
proximately 200 % in. square sections of the foil 
were piled one on top of the other, so that the rolling 


W. SEYMOUR, Member AIME, is associated with the Knolls 
Atomic Power Laboratory, General Electric Co., Schenectady. 

Discussion on this paper, TP 3810E, may be sent, 2 copies, to 
AIME by Jan. 1, 1955. Manuscript, Apr. 2, 1954. Chicago Meet- 
ing, November 1954. 
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are compared with those reported for many of the hexagonal-close-packed metals. 


direction for each piece was kept coincident. A % 
in. square by % in. thick steel section was placed on 
the top and bottom of a pile and the entire assembly 
was then bolted tightly together through a '% in. diam 
hole drilled down through the center. Each pile was 
then surface-ground from the two proper sides to 
sections % in. square by 3/16 in. thick. These 
specimens were then polished flat and electro- 
polished to remove 0.005 in. of the surfaces to be 
examined. 

It can be shown that uranium is so opaque to a 
Cu Ka X-ray beam that only a small percentage 
would be transmitted by one micron of uranium. 
Therefore, a method of measuring the X-ray inten- 
sities diffracted from specimen surfaces was used. 
The specimens were mounted in a modified Schulz 
reflection holder’ which automatically changed the 
position of the specimen at a constant rate. The 
holder, in turn, was mounted on a General Electric 
XRD-3 Spectro-Goniometer and an automatic rec- 
ord made of the diffracted X-ray intensity vs speci- 
men position. While a specimen moved automatic- 
ally through 10° inclination, at a rate of 1° per 
min, it simuitaneously rotated 360° about a normal 
to the illuminated surface. (The inclination and 
rotation angles are referred to as ¢ and a, respec- 
tively.) The data were then plotted along the re- 
sulting spiral path on a stereographic projection, 
Fig. 1. 

Because of defocusing effects on the diffracted 
beam which occur when diffracting surfaces are in- 
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(100) 
Fig. 2—(100) pole figure. 


(O10) 
Fig. 3—(010) pole figure. 


clined 40° to 50° from a plane normal to the plane 
of the spectrometer, ** the inclination angle 4 for 
each specimen did not exceed 50°. Intensity data for 
the (010), (001), (110), (021), (111), (112), (113), 
and (131) atom planes were obtained. These data 
were charted by a Leeds and Northrup Speedomax 
recorder as intensity (on a 1, 2, or 3 decade leg 
scale) vs specimen position. 


Results and Observations 
Complete pole figures for the (100), (010), (110), 
(021), and (001) planes are presented in Figs. 2 
through 6, and the type of record obtained of (002) 
intensity vs specimen position is illustrated in Fig. 7. 
From these and other data, the uranium sheet was 
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(to) 
Fig. 4—(110) pole figure. 


found to have a duplex preferred orientation which 
could be described crystallographically as approxi- 
mately (102) [010] + (012) [021], which are repre- 
sented by large and small dots, respectively, on the 
pole Fig. 1. The former is visualized more easily if 
one starts with the [010] in the rolling direction and 
(001) of the unit crystal in the rolling plane. A 45° 
rotation to the left and to the right about [010] then 
will produce symmetrically this first idealized com- 
ponent of the preferred orientation. The second 
component of the duplex texture can be obtained 
from the hypothetical starting position by a sym- 
metrical 20° rotation of the crystal about [100]. 

Further examination of the intensity data indi- 
cated that a greater volume of the sheet is described 
by the (102) [010] component of the texture. 

It should be pointed out that, although the tex- 
ture has been referred to as duplex, actually each 
component consists of a pair of symmetrical orien- 
tations where each one of each pair is an independ- 
ently different orientation. This is true in the strict 
sense because of the orthorhombic symmetry of the 
e-uranium unit crystal. 


Discussion 

A striking similarity is observed’ between the 
physical appearance of parts of the pole figures pre- 
sented here for a-uranium with the pole figures for 
Cd,” * Zn," and Mg plus 0.2 pct Ca’ cold-reduced 
sheet on the one hand, and those of Zr,” “ Ti,” and 
Be” sheet on the other. 

This first group are hexagonal metals whose c/a 
ratio is greater than the ideal close-packed ratio of 
1.633 (except the Mg alloy whose c/a ratio appears 
to be almost the same as pure Mg, 1.€24)." The sec- 
ond group is one of hexagonal-close-packed metals 
where the c/a ratio is less than 1.633. Furthermore, 
while the mechanism of plastic deformation appears 
to be similar for each metal in a given group,” the 
mechanism for one group would appear to be quite 
different” “ from another. 

Frequently it has been pointed out” that ortho- 
rhombic uranium may be considered as a distorted 
hexagonal-close-packed metal, with the distortion 
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of the basal plane as shown in Fig. 8. The distortion 
also occurs in the stacking, which for true hexagonal 
close-packing is ABA. In the case of a-uranium a 
slight lateral shift from the ideal hexagonal-close- 
packed symmetry occurs in the B layer. 

It is worth mentioning here that Cd and Zn have 
c/a ratios greater than 1.732, a value above which 
twinning will occur on {1012} as a result of com- 
pression parallel to the c axis, and below which the 
direction of resolved shear is reversed and twin- 
ning will not occur with similarly applied stresses. 
Zr, Ti, and Be all have c/a ratios of less than 1.732, 
and it is interesting to note that uranium (if consid- 
ered as distorted hexagonal) has a c/a ratio of 1.734 
using for a the a’ of Fig. 8b, or a c/a ratio of 1.565 
if b of Fig. 8b is used. 

The slip and twinning planes of all above men- 
tioned hexagonal-close-packed metals can be com- 


Fig. 5—(021) pole figure. 


R.0. 


(001) 
Fig. 6—(001) pole figure. 
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pared with those for a-uranium reported by Cahn 
in the following way: 

Fig. 9 represents the atomic arrangement in the 
(001) planes of a-uranium, with the distorted- 
hexagonal basal plane, the (0001), shown in dashed 
outline. The a in Fig. 9 and b in Fig. 10 are lattice 
parameters of a-uranium. From a consideration of 
Fig. 10 which represents the a-uranium lattice with 
a [100] direction perpendicular to the page, it can 
be seen that the parameter c is the same for the dis- 
torted hexagonal cell as for the orthorhombic. If a 
symmetrical hexagonal-close-packed cell whose 
lattice parameters are a and c is oriented with re- 
spect to an orthorhombic-unit cell whose parameters 
are a, b, and c, so that the a’s and c’s are equal and 
parallel (as has been shown to be true of the dis- 
torted hexagonal-close-packed and orthorhombic 
uranium), the Miller-Bravais indices may be trans- 


Fig. 7—Chart of (002) X-ray intensities vs speci- 
men position. 
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Fig. 8a—Hexagonal basal symmetry. b—“Distorted” hexagonal basal 
symmetry. 


Table |. Comparison of Slip and Twinning Planes of «-Uranium 
with those of other Hexagonal-close-packed Metals 


Trans- 
formed 
Transformed Twinning Twinning 


Slip Plane Slip Plane Plane Plane 


(001) (1012) (113) 
(001) (1012) (112) 
(001) (1012) 112) 
(110) and (010) (1011) (lll) 
(111) and (021) (1012) (112) 
(1121) (131) 
(1122) (132) 
(1012) (112) 
(1121) (131) 
(001) (1012) (112) 


(110) and (010) 


formed to Miller indices using the formulas:” 
P h, Q h + 2k, and R l, where P, Q, and R 
are the indices of a plane in cartesian coordinates 
for an orthorhombic cell, and h, k, and | are indices 
of a plane in the hexagonal coordinate system. 
Fig. 11 shows the geometrical relationship between 
the hexagonal and cartesian coordinate systems 
from which the above formulas are obtained. The 
results of transformations of slip and twinning 
planes for some hexagonal-close-packed metals in 
this fashion are shown in Table I. 

An inspection of this table reveals the exact coin- 
cidence of the (0001) and (001) planes. Also as 


Table I1."" Slip and Twinning Planes of a-Uranium 


Slip Plane Twinning Plane, K, 


(010) 
) 

(110) (112) 
(121) 


+ 


Fig. 9—Atomic arrangement in (001) planes of «-uranium. 


[or0) 


© 


Fig. 10—Atomic arrangement with (100) planes parallel to the 
page. 


1002—JOURNAL OF METALS, SEPTEMBER 1954 


Fig. 11—Sketch 
showing the rela- 
tionship of hexa- 
gonal and carte- 
sian coordinates. 


[0110] [010], these equivalencies are sufficient to 
show that the major component of the cold-rolled 
uranium-sheet texture is almost precisely the same 
as the major orientation observed for Zr,” Ti,” and 
Be,” while the strong secondary component of the 
uranium-sheet texture is also almost precisely the 
same as the major orientation reported for Cd,*’ Zn,” 
and Mg alloyed with 0.2 pct Ca,’ if all orientations 
are described in terms of Miller-Bravais indices. A 
comparison of the transformed slip and twinning 
elements of Table I with those in Table II for urani- 
um shows that an important group of slip planes of 
the hexagonal-close-packed metals is of the form 
{1010} one family of which, the (0110), transforms 
identically to the paramount slip plane in ortho- 
rhombic a-uranium (010), and another, the (1010), 
transforms to a minor slip plane (110). The most 
prevalent twinning plane for these hexagonal-close- 
packed metals, the (1012), is also identified by trans- 
formation to one of the twinning planes of uranium, 
the (112). The most important twin plane of urani- 
um, (130), is not predicted by these transformations. 
Frank,” however, predicts (130) twinning as a re- 
sult of lowering the symmetry from a hexagonal- 
close-packed to an orthorhombic-unit cell. With 
these relationships between the slip and twinning 
planes of many of the hexagonal-close-packed 
metals and a-uranium, it does not seem surprising 
that their cold-rolled textures also bear such a close 
resemblance to that of uranium. It might be con- 
sidered that the plastic-deformation mechanism of 
a-vuranium is a complex combination of elements 
involved in the plastic deformatien of most of the 
hexagonal-close-packed metals. 
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Effects of Temperature on the Deformation of Beta Brass 


by Charles S. Barrett 


Measurements of impact hardness of 8-brass are reported for a 
wide range of temperatures. Abrupt softening is observed when tem- 


peratures are raised above 425°C, accompanied by abrupt widening 
of deformation bands in the deformed samples. Current theories of 


ARDNESS' and flow stress’ of a sample of £- 
brass at room temperature depend upon the 
temperature from which the sample is quenched. It 
is believed that the state of order in the superlattice 
is responsible for this dependence—not the order 
within individual domains, which reaches near-per- 
fection during the quench from any temperature, 
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Study of Metals, The University of Chicago, Chicago. 

Discussion on this paper, TP 3828E, may be sent, 2 copies, to 
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November 1954. 
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these effects, and of the lack of twinning, are discussed. 


but the size of the domains which is presumed to be 
a minimum in the hardest samples, those quenched 
from temperatures near the critical disordering tem- 
perature of 468°C. 

Measurements of impact hardness made over a 
range of temperatures and microstructural studies 
of samples deformed both rapidly and slowly over a 
range of temperatures, reported herein, should be of 
aid in reaching a more complete understanding of 
the underlying factors controlling the properties of 
the disordered body-centered-cubic material and the 
ordered material. It appears that such data have not 
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been reported previously, despite current interest in 
known or suspected relationships of hardness to 
order,”* hardness to deformation bands,” deforma- 
tion bands to strain rates and temperatures,” * and 
mechanical twinning to order in certain superlat- 
tices.” (Although twinning has been found to be 
absent in ordered §-brass samples variously de- 
formed, no report has been found of a search 
for twinning of §-brass in the disordered condition, 
the only condition in which twinning could occur 
without the expenditure of disordering energy dur- 
ing the twinning process.’) 


Experimental Procedure and Results 

Alloy Preparation: The brass was melted in graph- 
ite crucibles under a borax flux using Horsehead 
zine and electrolytic copper. After hot rolling, the 
ingots were sealed in brass tubes and heated 24 to 
48 hr at 700°C for homogenization. The absence of 
a and y phases was determined by metallographic 
inspection both in furnace-cooled specimens and in 
samples that had subsequently been heat treated. 
The conclusions of this paper were based on work 
with samples from an ingot having a chemical anal- 
ysis of 51.72 pet Cu by weight and confirmed by 
additional tests on other samples, of approximately 
51.5 pet Cu. The grain size of the samples can be 
seen in the micrographs (Figs. 1 and 2) to be men- 
tioned later. 

Deformation Bands—Metallography: Deformation 
bands were prominent in many of the specimens 
after moderate reductions in thickness by compres- 
sion, as had been previously observed.” It was 
found that the tendency to produce bands depended 
strongly upon the temperature at which the defor- 
mation occurred and on the rate of deformation. 

To explore this temperature dependence, small 
metallographic specimens were mounted in a pre- 
heated jig and compressed by a single blow of a 
heavy hammer, then quenched 3 to 5 sec later in 
order to minimize recrystallization. 

To avoid surface effects, about one-fourth of the 
thickness of the 3/8x3/8x3/16 in. specimens was 
ground off one of the compressed surfaces in pre- 


ae 


Fig. 1—Microstructure of polycrystalline S-brass deformed slowly at 
room temperature to 30 pct reduction in thickness. X100. Area 
reduced approximately 30 pct for reproduction. 
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paring the specimens for metallographic examina- 
tion. Mechanical polishing was followed by elec- 
trolytic polishing in 900 grams of orthophosphoric 
acid per liter of solution at 0.5 to 1.0 volts for 10 to 
30 min, and by etching in a solution of 40 grams 
CrO,, 7.5 grams NH,Cl, 50 ml HNO,, and 1900 ml 
H.O. 

Fig. 1 is typical of the microstructures produced 
by compressions in the range of 15 to 30 pct with 
temperatures in the range below about 400°C. In 
some grains there were intersecting sets of bands as 
shown in this micrograph, but in general there 
tended to be a single parallel set. 

The details of the bands as seen in ordinary and 
polarized light enabled them to be distinguished 
clearly from twins and to be identified as deforma- 
tion bands. In some cases the difference in orienta- 
tion across a band boundary was infinitesimal; in 
many cases the orientation along the band altered 
continuously. When one band approached the side 
of another, it did not invariably pinch off to a sharp 
point as do twins, but very frequently ran full 
width into the other, often merging with it, with no 
visible boundary between them. Forked and wavy 
forms were also common. 

In specimens electropolished and subsequently 
compressed 2 pct at room temperature, the slip lines 
were studied in relation to the bands that were be- 
ginning to develop. It was concluded that in general 
the slip lines were comparable in length to the 
dimensions of the grains, but examples were found 
of short slip lines arrayed side by side so as to build 
up deformation bands at a high angle to the length 
of the slip lines, and other examples were found in 
which a clustering of longer slip lines appeared to 
generate bands parallel or nearly parallel to the slip 
lines. Therefore it was concluded that various types 
of deformation bands were present, including the 
type designated by Honeycombe’ as bands of second- 
ary slip and the type known as kink bands. The 
most common configurations were sets of parallel 
bands in the form of spikes extending out from a 
grain boundary, which presumably aided the accom- 
modation of strains at the boundary. Occasionally 
bands were found within larger bands. 

Fig. 2 shows typical areas in samples reduced 20 
to 30 pct in thickness by a single hammer blow at 
various temperatures in the range 20° to 525°C. 
Sharply defined bands were seen in many grains 
deformed at low temperatures, but the fraction of 
the grains in which bands could be seen is small at 
the higher temperatures and also the bands were 
larger at these temperatures. At 500° and 525°C the 
usual internal distortion of the grains was such as to 
leave almost no sharply defined band boundaries; if 
bands were present, their dimensions were generally 
comparable to the dimensions of the grains and their 
boundaries tended to be diifuse. Yet the evidence is 
clear that recrystallization had not erased the struc- 
ture of the deformed grains, for only a few small 
recrystallized grains were found in any of the sam- 
ples. (A few may be seen at the lower right of the 
475° micrograph in Fig. 2, and in the upper part of 
the 500° micrograph; they tended to occur preferen- 
tially around the rim of the specimens.) 

Spacings of Bands Produced by Impact: It was 
clear that an attempt should be made to measure 
the average spacing of the bands formed under dif- 
ferent conditions, in spite of the obvious difficulties 
of avoiding subjective and statistical errors when 
measuring. Many grains contained bands of such 
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Fig. 2—Microstructure of 8-brass deformed 15 to 30 pct by impact at temperatures indicated. X15. 


irregularity that measurements of these would have 
been meaningless. Others showed parallel groups of 
many fairly uniformly spaced straight bands and it 
was assumed that the true spacing of these could be 
determined with reasonable accuracy by inspecting 
many sets and measuring the sets with the closest 
spaced bands, which would generally represent the 
bands that were standing approximately perpendic- 
ular to the surface. 

The specimens were surveyed for areas where at 
least four (usually six to nine) parallel bands ap- 
peared to have approximately the minimum spacing. 
The “spacing” was defined as the average distance 
from the center of one dark band to the center of 
the next dark one, as determined from a measure- 
ment from the first to the last band of the set, 
normal to the direction of the trace of bands in the 
surface when seen at magnifications of X50 to X150. 
In determining the number of such sets to be used in 
taking an overall! average, consideration was given 
to the total number of sets available for measure- 
ment. Four to twelve sets were averaged for each 
determination. The averages for impact deforma- 
tion of 20 to 30 pct at various temperatures are 
plotted in Fig. 3. 

The arbitrary nature of the measuring procedure 
and the danger of subjective errors prompted a 
reexamination over six months after the first meas- 
urements had been completed, using freshly re- 
polished and etched surfaces. The newer measure- 
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IMPACT STRAINING 
Fig. 3—Spacings of defsrmation bands produced by impact at 
different temperatures as determined by averaging closest 
spaced sets. 


Te 


ments appear in Fig. 3 as triangles, the earlier ones 
as open circles, and a third series, made at a still 
later date and using a higher magnification on the 
metallograph (X15C rather than X50 to X100) are 
plotted as filled circles. Agreement between the 
different series indicates that the important trends 
can be recognized in spite of any systematic errors 
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Fig. 4—Spacings of deformation bands produced by slow com- 
pression of 22 to 25 pct at different temperatures. Triangles 
represent average of several of the closest spaced; circles, 
minimum spacings. 


that may be inherent in the measurements and in 
spite of the complex way in which the bands are 
likely to depend upon orientation and local condi- 
tions of strain. 

The measurements disclose no major alteration in 
spacing as impact deformation temperatures vary 


from —195° to 400°C, but show a rapidly increasing 
spacing as the temperature is raised to 435°C and 
above. The spacing is still increasing as the temper- 
ature passes above the critical temperature for dis- 
ordering, marked T, in Fig. 3. Relatively few bands 
were produced at 435°C and above. At 500° and 
525°C the bands become so broad and diffuse that 
some specimens contained no sets of bands that met 
the criterion of suitability for measurement. (These 
are indicated by arrows in Fig. 3). Other specimens 
contained two or three sets only (of 40 to 70 micron 
spacings). 

Spacings of Bands Produced by Slow Compres- 
sion: Fig. 4 gives the corresponding data for a series 
of samples compressed slowly to a reduction of 22 
to 25 pct in thickness, the time for completing the 
strain varying from 60 sec at -—-195°C to 30 sec at 
20°C and to about 10 sec at the highest tempera- 
tures. As with the previous series, compression was 
followed immediately by quenching and the same 
procedure in measuring and averaging the narrow- 
est bands was followed, giving the data plotted as 
triangles and the full line drawn in Fig. 4; the mini- 
mum spacings in each sample are shown as filled 
circles and the dashed curve. The constancy of 
spacings up to 400°C that was observed with impact 
straining is replaced here by a dependence on tem- 
perature throughout the range of temperatures 
above 20°C. 
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Another series of samples was equilibrated and 
quenched from temperatures in the range 300° to 
500°C and immediately subjected to slow compres- 
sion of about 22 pct in 24% min at room temperature. 
The band spacings for the different quenching tem- 
peratures were not significantly different from each 
other, and averaged 13 microns (14 microns for the 
range 300° to 400°C and 12 for the range 425° to 
500°C). These average spacings are many times 
smaller than those resulting from slow straining at 
temperatures corresponding to the quenching tem- 
peratures, and are slightly smaller than the spacings 
after impact loading at 300° to 425°C. No sharply 
increased spacing resulted from slow room-temper- 
ature straining when the quenching temperature 
had exceeded 425°C. 

The Fractions of Grains Showing Bands: At all 
temperatures of deformation, there were some grains 
that survived impact deformations of 15 to 30 pct 
without developing visible deformation bands. The 
fraction that remained unmarked varied with tem- 
perature in the way indicated in Fig. 5, suddenly 
becoming a majority of the grains as the tempera- 
ture of impact exceeded 425°C. Here again the 
curve is not presented as a precision determination, 
since each point represents an inspection of only 25 
to 50 grains of varying size; but it does show the 
general trend unmistakably. 

When samples quenched from high temperatures 
and compressed slowly at room temperature were 
also inspected, it was found that there was no abrupt 
increase in the fraction of grains showing no bands 
as the quenching temperature was raised above 
425°C. The fraction was 0.35 for quenching from 
450°C and 0.27 for quenching from 550°C. 

Hardness Measurements: The variation of hard- 
ness with temperature was measured by a dynamic 
indent method. By this means, it was possible to 
minimize creep and recovery effects during the 
measurement. A hardness tester was prepared in 
which a % in. diameter steel ball in a chuck from a 
Rockwell machine was mounted on a plunger con- 
sisting of a cylinder filled with lead shot, which pre- 
vented rebound of the plunger. The weight of the 
assembled plunger was 307 grams. Upon releasing a 
catch, the plunger dropped from a height of 1 in. in 
a brass tube onto a specimen about %% in. square and 
4% in. thick mounted in a jig that had been pre- 
heated or precooled. 

Fig. 6 records the diameter of the indent as a 
function of the temperature of the specimen, the 
circles and full line referring to the samples con- 
taining 51.72 pet Cu, and the dashed curve referring 
to the average of confirmatory tests on other samples 
of B-brass. It is seen that the specimens became 
rapidly softer as they were heated above 400° to 
425°C. 

The sudden dip in the curve below the tempera- 
ture of dry ice was attributed first to experimental 
difficulties of some kind, but a review of the testing 
method failed to disclose any such difficulties. A 
total of five series of tests were made comparing the 
impact hardness at room temperature and at liquid 
nitrogen temperature, and every series disclosed a 
similar dip. The average diameters of indents in 
specimens cooled very slowly in the furnace were 
1.06 and 0.89 mm for room temperature and liquid 
nitrogen temperature, respectively; for those tested 
immediately after quenching from 445°C (the 
quenching temperature that yielded maximum flow 
resistance in Green and Brown’s samples’), the aver- 
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Fig. 5—Fraction of the grains showing no bonds after 15 to 
30 pct compression by impact at different temperatures. 


FRACTION OF GRAINS WITHOUT BANDS 


age diameters were 0.95 and 0.87 mm for room tem- 
perature and liquid nitrogen temperature, respec- 
tively. These values serve to emphasize the great 
softening at elevated temperatures compared with 
any hardness changes that can be produced in 
quenched samples. 

Tests for Twinning and for Strain Transformation: 
Neither deformation twins nor evidences for strain 
transformation were found in any of the samples, 
either in the impact series of Fig. 3, the slow com- 
pression series of Fig. 4, or additional samples that 
were deformed by impact under liquid nitrogen (37 
pet reduction) or under a dry-ice and acetone bath 
(12, 22, and 67 pct reduction). 


Discussion 

It is clear that when impact deformation temper- 
atures are raised above about 425°C, the samples 
become abruptly softer, develop wider bands, and 
deform with fewer grains becoming banded. Unus- 
ual hardness is seen when the impacting tempera- 
ture is 196°C; the reason for this is not obvious. 
These trends are so pronounced that they stand out 
clearly in spite of systematic and subjective errors 
that must be anticipated in the metallographic 
measurements that were made, and in spite of the 
lack of sensitivity of hardness measurements rela- 
tive to flow-stress measurements such as those of 
Green and Brown.’ 

The comparative insensitivity of hardness to tem- 
perature in the range —100°C to 400°C, seen in Fig. 
6, suggests that thermal agitation and diffusion play 
no role in flow processes during impact below 400°C. 
Confirmation of this is found in the fact that impact 
hardness measured at a temperature within this 
range is about the same as the hardness of a sample 
that has been quenched from 445°C and indented at 
room temperature, where thermally aided processes 
are doubtless absent at high strain rates. 

Since the abrupt changes in impact hardness and 
the correlated changes in microstructure, Figs. 3 and 
5, set in at temperatures not far below the critical 
disordering temperature, T,, there is much reason to 
suspect that the degree of order is in some way 
responsible. It will be recalled that equilibrium 
order as judged by the intensity of superlattice re- 
flections’ changes slowly at lower temperatures, 
dropping only to about 0.8 as the temperature is 
raised to 375°C, but it then falls with increasing 
abruptness so that it drops to 0.6 at 425°C and to 0.4 
at 450°C. 
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It does not seem reasonable to ascribe the abrupt 
change of slope of the impact curves at 425° to the 
onset of thermally activated flow processes at this 
temperature, for thermal activation would be ex- 
pected to yield a more gradual softening, and a 
greater similarity in shape between the curves for 
spacing with impact and with slow deformation, 
Figs. 3 and 4. Confirming this view, a gradual not a 
cataclysmic increase in band spacings with increase 
in deformation temperature has been observed in 
aluminum,” both with slow and rapid straining. 

The continued drop in impact hardness as tem- 
perature is raised above T, may be ascribed to local 
order,’ and also some thermally aided flow may 
enter even at rapid strain rates. 

If changes in order are chiefly responsible for the 
abrupt and large change in hardness near the dis- 
ordering temperature, it is to be expected that the 
hardness range that can be produced in samples at 
room temperature by quenching from various tem- 
peratures would be relatively small compared with 
those observed at temperature, as is observed, since 
a high degree of disorder cannot be retained in £- 
brass by quenching. 

It is perhaps well to outline in general terms the 
possibilities that currently appear attractive for 
explaining the variation of impact hardness with 
temperature: 

1—For a certain range above the critical tem- 
perature (T,), hardness depends upon local order 
through the mechanism suggested by Fisher.’ This 
contribution to the hardness should decrease with 
rising temperature. 

2—Below T,, the tension of the domain boundary 
that stretches between the pairs of dislocations® and 
that holds them near together should act to inhibit 
the generation of dislocations at Frank-Read sources." 
It should interfere also with the processes by which 
obstacles to the movement of dislocations are sur- 
mounted, whether this be by climb or penetration 
between local obstacles. 

3—Below T,, domain boundaries exist that can be 
passed through by moving dislocations only with 
the expenditure of energy corresponding to the in- 
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Fig. 6—Diameter of impression from impacts at different tem- 
peratures. Circles and full curve represent specimens contain- 
ing 51.72 pct Cu; dashed curve, average of other specimens. 
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crement of domain-boundary area resulting from the 
passage.’ The resulting contribution to hardness in- 
creases with increasing domain-boundary energy 
and with increasing numbers of boundaries. 

4-—The interaction of vacancies with moving pairs 
of dislocations should create strings of atoms in 
antiphase positions within an ordered domain, 
strings which trail out behind dislocation pairs and 
resist their continued motion.” 

5—An antiphase string of atoms left behind by a 
diffusing vacancy could be cut by a pair of disloca- 
tions only with an expenditure (slight) of energy. 

It is suggested that mechanism 3 may be less 
important in £-brass than in Cu,Au-type superlat- 
tices, since in 8-brass the number of domain bound- 
aries should be smaller; their geometry makes for 
easier coalescence of independent nuclei of order 
during their growth and easier shrinkage of small 
island domains. This follows from the fact that 
there can be only two types of domains, copper 
atoms being at 000 in one and at % % % in the other, 
so that a foam structure cannot exist. Small do- 
mains are isolated islands that lack the restraints to 
contraction that are felt by the small domains of a 
foam structure. Nevertheless, it must be assumed 
that there is some slowly changing feature of the 
structure that will account for the slow age soften- 
ing at room temperature." * This hardly can be the 
degree of order within a domain, since electrical- 
conductivity measurements indicate that this changes 
very rapidly,’ doubtless at rates determined by the 
diffusion rate of vacancies.” There seems to be no 
choice but to assume that the slowly changing fea- 
ture is the number of domain boundaries. The 
softening as the deformation temperature approaches 
and passes T, is a much greater effect. It has been 
argued that it is related to order, and, since it can- 
not be retained by quenching, this order must be of 
a type that equilibrates rapidly. Accordingly, the 
high temperature softening is ascribed to the degree 
of order within domains, acting through the various 
mechanisms listed above. 

The processes by which the various types of de- 
formation bands form are as yet rather uncertain, 
and the meaning of the correlation between band 
spacing and order is even more so. A tentative sug- 
gestion might be based on the concept that a band 
boundary originates with an individual dislocation 
or a wall of dislocations being halted at an obsta- 
cle." “ The more effective are the obstacles, the more 
places will become potential locations for bands, and 
the smaller, on the average, would be the resulting 
band spacing. As mentioned above, increasing the 
degree of order should increase the effectiveness of 
obstacles. 

With regard to the lack of mechanical twinning in 
B-brass, it should be noted that the ordered struc- 
ture cannot go by simple shear into the twinned 
position without some disruption of the order,” and 
at high temperatures the lowered slip resistance 
may prevent stresses from reaching requisite levels 
to initiate twinning, even in the disordered state. 


Summary 

Polycrystalline 8-brass was deformed in compres- 
sion at low and high rates of strain over a range of 
temperatures and impact hardness indents were 
made over the temperature range with the following 
results: 

1—Deformation twins were not found after any 
of the tests, which ranged from —195° to 625°C. 
2—Deformation bands with minimum spacings of 
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15 to 20 microns were formed by impact at —195° 
to 425°C; the spacings increased very rapidly be- 
tween 425° and 500°C, becoming comparable to the 
dimension of the grains. 

3—The spacing of the bands formed during slow 
compression increased steadily with deformation 
temperature from approximately 10 microns at 
—196°C to roughly 200 at 400°C. 

4—Below 425°C the majority of the grains, after 
impact compression, contained bands; but above 
450° less than 10 pct contained bands. 

5—Impact hardness decreased moderately in rais- 
ing the impact temperature from —195° to 20°C, 
increased moderately in the range 20° to 385°C, and 
fell continuously and rapidly throughout the range 
400° to 625°C. 

6—It is concluded that thermally activated flow 
processes play no role below 425°C in the impact 
tests, though they do with slow strain rates, but 
that the state of order controls the behavior in this 
range and also somewhat above the critical temper- 
ature for disordering. 

7—It is suggested that for 8-brass it is predom- 
inantly local order rather than the number of do- 
main boundaries that controls hot impact hardness 
and that the reverse is the case with hardness at 
room temperature. The degree of local order affects 
the energy required for dislocations to be generated, 
to cross imperfect domains, cut domain boundaries 
and antiphase strings, and to surmount obstacles. 
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Stress-Strain Characteristics and Slip-Band Formation 


In Metal Crystals: Effect of Crystal Orientation 


by F. D. Rosi 


The plastic properties of extended silver and copper crystals of varying purity 


were studied as a function of crystal orientation in the early stages of flow. 
Variations in the gross shape of the shear stress-shear diagram and in the properties 
of critical shear stress and shear-hardening coefficient were correlated with changes 
in slip-band developments. The phenomenon of work hardening is discussed in terms 


of the existing dislocation theory. 


T appears certain from the early studies on the 
deformation characteristics in metal crystals'* 
that plastic flow takes place in a preferred crystallo- 
graphic slip system which is determined by the 
geometry of the crystal (law of maximum shear 
stress), and that the value of shear stress for this 
system is independent of crystal orientation (law of 
critical shear stress). Experimentally, it has been 
demonstrated further that the law of critical shear 
stress can be extended to include extensive plastic 
flow.’ Thus, the shear-hardening coefficient, which 
is defined as the slope of the shear stress-shear curve, 
also is considered to be independent of orientation. 

It is noteworthy that deviations from this em- 
pirical shear-hardening law have been reported in 
cubic crystals whose initial orientation favors slip 
on more than two systems.‘ Moreover, this law ap- 
pears to have been derived from stress-strain data 
relating to relatively high values of shear strain 
(0.5 to 4), where widespread slip and complex dis- 
tortions can be expected, regardless of crystal orien- 
tation. Since existing data indicate that the strain 
inhomogeneity in a crystal is manifested particu- 
larly in the early stages of flow, it would appear that 
a more exacting test as to the fundamental nature of 
the shear-hardening law would be to investigate 
systematically the shape of the stress-strain curve 
as a function of crystal orientation in the earlier 
stages of deformation. 

With regard to the general form of the shear 
stress-shear curve for cubic crystals, early studies 
show a parabolic hardening law, where the shear 
stress is proportional to the square root of the shear- 
strain. Since this law was predicted theoretically 
by Taylor’ in his original dislocation model for hard- 
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ening, it has been accepted widely as a fundamental 


flow characteristic of cubic metals. However, it was 
recently pointed out by Masing® that the parabolic 
law is not the elementary form of hardening in 
cubic crystals, but instead is a consequence of com- 
plexities in the flow process (e. g., deformation 
bands and unpredicted secondary slip). Thus, in the 
very early stages of deformation (< 2 pct exten- 
sion) where the occurrence of such complexities is 
unlikely, a different strain-hardening behavior 
might be anticipated. This view is supported by the 
recent work of Rosi and Mathewson’ on high purity 
aluminum where a linear law was obtained for ex- 
tensions up to 2 pct. A linear hardening over a 
wider range of deformation also was reported by 
Rohm and Kochendorfer® who deformed aluminum 
crystals under conditions approximating pure shear. 
Even more pertinent is the recent evidence of 
Masing and Raffelsieper” on high purity aluminum 
crystals. It was found that for crystals having initial 
orientations near a <100> or <111> axis, a high 
hardening was obtained, whereas crystals with a 
<110> orientation exhibited a low and linear hard- 
ening curve followed by a region of more rapid 
hardening. 

Since much still remains obscure concerning the 
details of strain hardening as well as slip-band for- 
mation in face-centered-cubic crystals in the early 
stages of deformation, the present study was under- 
taken to evaluate the effect of crystal orientation on 
these two important manifestations of glide. It is 
important to note here that at the time of this study, 
Liicke and Lange” presented information on the 
orientation-dependence of the shape of the strain- 
hardening curve in aluminum of various purities. 
Their work, which essentially represents an exten- 
sion of that of Masing and Raffelsieper, in many re- 
spects is parallel to that of the present study. 


Experimental Procedure 
Production of Single Crystals: Single crystals of 
silver and copper of varying purity were used in 
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the present study. The purity of the silver crystals 
was 99.99, 99.97, and 99.93 pct with copper as the 
major impurity in each case, and spectroscopic anal- 
ysis indicated no variation in the minor impurities. 
In the case of the copper crystals, both the OFHC 
(99.98) and spectroscopic (99.999) grades were 
used. 

Single crystal specimens, % in. diam and 5 in. 
length, were produced by the Bridgman method of 
gradual solidification from the melt in vacuum. In 


Table |. Critical Shear Stress Data for Silver of Various Purity 


Critical 
Shear Stress, 
Grams per 
Sq Mm 


Degree Degree 


| 


S388 


| | 


Mean Value 


388 
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83333: 8333383 3 | 
88888888 | 8 2 


33 0 
6 0 
41 0 
51 0 
42 0 
39 0 
32 0 
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Mean Value 
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Mean Value 


* Crystals of identical orientation produced from a common seed. 


(100) 


99.9990u 


Fig. 1—Original orientations of silver and copper single crystals 
used for determining values of critical resolved shear stress. 
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tests where it was desirable to eliminate the orien- 
tation effect, crystals of identical orientation were 
produced by solidification from a common seed. The 
back-reflection Laue method was used for determin- 
ing crystal orientation. 

Preparation of Specimens: Since it was found that 
mechanical polishing of the specimens affected their 
stress-strain characteristics, special care was taken 
in boring the graphite molds so as to produce as-cast 
crystals with exceedingly smooth surfaces. To ob- 
tain a 3 in. gauge length of uniform diameter and a 
surface suitable for optical microscopy, the as-cast 
crystals were coated at their ends with Duco cement, 
etched with constant agitation in a 30 pct solution of 
nitric acid, and then electrolytically polished. The 
silver single crystals were electrolytically polished 
in a room-temperature solution of potassium ferro- 
cyanide and sodium cyanide, whereas the copper 
crystals were polished in a 2:1 solution of methyl 
alcohol and concentrated nitric acid maintained at 
0°C by means of an ice bath. In both cases, a cur- 
rent density of 15 to 20 amp per sq cm was used, and 
a highly polished surface was obtained in 10 to 15 
min. 

Tensile Testing: Depending upon the nature of the 
required data, either of two methods of tensile test- 
ing was used. The first of these involved equipment 
which would yield data pertinent to the evaluation 
of the critical resolved shear stress, as well as pro- 
vide an accurate description of the stress-strain 
curve in the very early stages of plastic flow {i.e., 
for extensions <2 pct). This tension apparatus in- 
volved the use of a constant-stress loading beam, 
which was constructed to provide a 6:1 lever ratio 
for crystals with a 3 in. gauge length. 

Loading of the specimens was accomplished by al- 
lowing sand to flow from a reservoir at a constant 
rate of 325 grams per min into a bucket suspended 
from the end of the longer lever arm of the beam. 
With this equipment, therefore, the crystals were 
slowly extended at a constant rate of increase of 
stress. Strain measurements were made using a re- 
sistance-wire strain gauge and a strain indicator 
which permitted a reading accuracy of 2 microin. 
per in. The strain gauge, which consisted of a single 
strand of cupronickel wire, was attached to the 
specimen only at its ends, since measurements at 


Table Il. Critical Shear Stress Data for Copper of Various Purity 


Critical 
Shear Stress, 
Grams per 


do, Sin xo 
8q Mm 


Degree Ces dro Purity 


Xo. 
Degree 


| 
333333 | 


Mean Value 


| 


| 
| 


3382322332 


a 
383333 


33: 

3 83333333: 
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Mean Value 
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- Rew 
Speci- 
men Diameter, Sin xo 
1 0.357 34 
2 0.356 30 37 
3 0.361 41 43 
4 0.362 39 43 
; 5 0.365 41 47 
6 0.359 31 31 
7 0.961 47 47 
0.366 46 46. 
0.362 
12 0.362 
13 0.360 
19 0.357 
22 0.361 
24 0.363 
27 0.360 
3 Al* 0.362 
A2* 0.961 
48 
30 0.361 25 77 
: 32 0.362 46 70 
, 35 0.359 39 69 
49 0.360 50 71 
41 0.363 37 84 
a4 0.366 40 67 
46 0.364 32 || 72 
73 0.360 
16 0.362 
85 0.362 
0.360 
0.359 
95 0.363 
97 0.358 
0.361 
131 
Speci- 
men Diameter, 
No. In. || 
1 0 
4 2 0 
3 0 
5 0 
6 0 
(9 | [h10) 1D) 0) 9 0 
9999Aq 99.97 Ag 99.93 Ag 
j 10 
. 11 
12 
13 
sé 14 
15 
17 
18 
19 
20 
99.98 Cu 


room temperature indicated that the cement used 
to attach the gauges caused an increase of 10 to 15 
pct in the strain hardening. 

The second method of tensile testing was used 
primarily to obtain the gross shape of the stress- 
strain diagram up to 20 pct extension. The tests 
were made with a Baldwin-Southwark Tate-Emery 
hydraulic machine, and stress-strain diagrams were 
obtained at a uniform strain rate of 0.003 min’. The 
use of an extensometer attached to the specimen, 
along with a microformer-type recorder, permitted 
automatic recording of the stress-strain curve on a 
revolving drum. 

In both methods of testing, an attempt was made 
to eliminate the inhomogeneity of deformation (grip- 
effect) in tension by the use of a rotatable-grip ar- 
rangement, which was described in a _ previous 
paper.” 

Experimental Results 

Critical Shear Stress Determinations: The original 
orientations of both the silver and copper single 
crystals used for determining the critical resolved 
shear stress are presented in the stereographic tri- 
angles of Fig. 1. For each purity, crystals were 
selected whose orientation distribution adequately 
covered the triangle. As illustrated in a previous 
paper,’ the yield stress used for calculating the criti- 
cal shear stress was taken as the extrapolated point, 
which represents the intersection of the elastic range 
with the straight portion of the stress-strain curve 
occurring immediately after the onset of flow. The 
data pertinent to the evaluation of the critical re- 
solved shear stress for the silver and copper crystals 
are given in Tables I and II. For all purities, close 
examination of the data reveals consistently higher 
values for orientations near the [100] and, to a 
lesser degree, the [111]. It is significant, however, 
that for such crystals the gradual transition from 
the elastic to the plastic regions of the curve made it 
difficult to assign a value of yield stress. Neverthe- 
less, with the possible exception of these critical 
orientations, the variation in the value of critical 
shear stress for the differently oriented crystals 
from the tabulated mean value is within the experi- 
mental error; and this can be regarded as a verifi- 
cation of the Schmid law of critical shear stress. 

Comparison of the present mean critical shear- 
stress values with those of previous investiga- 
tions” for silver and copper crystals of comparable 
purity shows reasonably good agreement (see Table 
III). The comparatively high value of 156 grams per 
sq mm reported by Hibbard for OFHC copper could 
be attributed to the difference in the method of 
solidification, while the slightly lower value of Linde 


Ag 
: 
§ 


IMPURITY CONTENT, x 10* 


Fig. 2—Effect of impurity on critical shear stress of copper 
and silver crystals. Solid circle is taken from the data of 
Andrade and Henderson.” 


et al. for spectroscopic copper probably is a result 
of their method for selecting the yield point. 

The critical shear-stress data for silver as a func- 
tion of impurity are summarized in the curve of Fig. 
2, which shows a linear increase in this property 
with increasing impurity content. Linear extrapola- 
tion of the curve to 0 pct impurity gives a critical 
shear stress of 34 grams per sq mm, which is very 
close to the Andrade and Henderson value for 99.999 
Ag (solid circle in Fig. 2). The mean critical shear- 
stress values for the two purities of copper also are 
included in Fig. 2, and the displacement of the curve 
to higher values of shear stress could be attributed 
to its higher melting point, or the difference in the 
nature of impurities. 

Stress-Strain Characteristics: The values in Table 
IV show the orientation dependence of the elastic 
modulus for silver and copper crystals of similar 
purity. Both metals exhibit a marked elastic anisot- 
ropy, in agreement with previously published values.’ 

Typical stress-strain curves for the silver and 
copper crystals of varying purity as a function of 
crystal orientation are shown in Figs. 3 through 6, 
from which it may be seen that there are essentially 
two types in regard to their gross shape. The first 
of these shows a rapid rate of hardening immediately 
following the advent of plastic flow, which is asso- 
ciated with a rather ill-defined yield point. In gen- 
eral, the hardening rate after reaching a maximum 
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Purity of Producing 
Initial Single 


Material Crystal 


Table Ill. Critical Shear Stress for Silver and Copper Crystals 


Selection 
of Yield 
Poin» 


Critical 
Shear Stress, 


Grams per 8q Mm Literature 


Silver 


99.99 Solidification Plastic flow at 48 Present iv vestigation 
99.99 in vacuo constant rate 60 Sachs and Weerts* 
99.999 37 Andrade and 
Henderson” 
Copper 99.98 (OFHC) Solidification Plastic flow at v4 Present investigation 
in vacuo constant rate 100 Sachs and Weerts” 
Solidification 156 Hibbard“ 
in nitrogen 
99.999 Solidification Plastic flow at 65 Present investigation 


in vacuo 


constant rate 


Deviation from 
Hooke's law 


Linde, Lindell, and 
Stade 
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Fig. 3—Stress-strain curves for 99.99 pct Ag crystals of different 
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Fig. 4—Stress-strain curves for 99.97 pct Ag crystals of different 
orientation. 
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Fig. 5—Stress-strain curves for 99.93 pct Ag crystals of different 
orientation. 


value decreases slightly with increasing strain, sug- 
gesting a parabolic shear hardening consistent with 
the earlier observations in aluminum.” “™ Stress- 
strain curves of this type are associated with crystals 
whose initial orientations are near a <100>, <111>, 
or the boundary [111]-[100] for duplex slip. Similar 
conclusions were arrived at by Masing and Raffel- 
sieper® and more recently, by Liicke and Lange” in 
their work on high purity aluminum. 

The second type of stress-strain curve displays a 
better-defined yield point followed by a two-stage 
hardening process, which is characterized by a low 
and linear rate of hardening followed by a region 
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Fig. 6—Stress-strain curves for 99.98 pct Cu crystals of dif- 
ferent orientation. 


10 20 30 40 60 


Sheer x 107 


Fig. 7—Shear stress-shear curves for moderately extended 
copper crystals of different orientation. 


of more rapid hardening. For extensions exceeding 
those shown in Figs. 3 through 6, the high harden- 
ing rate in the second stage is found to decrease 
gradually with increasing strain, as shown in the 
curves of Fig. 7. Thus, the nature of the sirain hard- 
ening in the second stage is similar to the parabolic 
hardening associated with the single-stage curve dis- 
cussed above. Similar two-stage hardening curves 
have been reported in aluminum by Miller and 
Milligan” and Masing and Raffelsieper,’ and in silver 
and gold by Sachs and Weerts” and Andrade and 
Henderson.” The initial stage of low hardening was 
referred to by Miller and Milligan as the “yield- 
point elongation zone,” and by Andrade and Hender- 
son as the “region of easy glide.” For the sake of 
convenience, in the present study the regions of low 
and high hardening in the two-stage process will be 
designated stages I and II, respectively. 

Close examination of the curves in Figs. 3 through 
6 reveals a systematic decrease in the amount of 
strair. associated with stage I and an increase in its 
strain hardening as the original orientation of the 
crystal goes from the [110] to the [100], [111], or 
the [100]-[111] symmetry position. Moreover, a 
comparison of the curves in Figs. 3 and 5 indicate 
that this orientation effect on stage I is more pro- 
nounced in the less pure material. 
The effect of crystal orientation on the shear- 
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T 
hardening coefficient of stage II, Pa Il, is indi- 


cated by the shaded regions in the stereographic tri- 
angles of Fig. 8. The boundaries of the regions were 
obtained from experimentally determined values of 
shear hardening for the original crystal orientations 
indicated by the solid circles in the triangles. It is 
apparent that the lowest shear-hardening values 
occur for those orientations in the region of the 
[110], whereas the larger values are associated with 
orientations near the [100], [111], and the [100]— 
[111] symmetry position. The precise nature of this 
dependence is illustrated better by the shear-hard- 
ening values for the selected orientations in Fig. 9, 
as well as by the accompanying curves describing 


the variation of (———) II with the angle, x, which 
a 


the slip plane makes with the stress axis in the indi- 
cated directions. It may be seen that the shear- 
hardening coefficient increases gradually but at a 
rapidly increasing rate on approaching the [100], 
[111], and [111]—[100] boundary from the [110] 
position. It is significant also that the shear-harden- 
ing coefficient reaches the greatest value for the 
[100] orientation, where geometrically four slip 
systems are equally favorable for glide. 

Fig. 10 shows the effect of increasing soluble im- 
purities (principally copper) on the shape of the 
stress-strain curve for silver crystals of similar 
orientation. It is readily apparent that the extent of 
stage I increases markedly with increasing impurity 
content, whereas the strain hardening in both stages 
I and II decreases. A similar effect, shown in Fig. 11, 
is obtained on comparing the curves for similarly 
oriented OFHC and spectroscopic copper. 

A comparison of the two-stage hardening curve 
for copper and silver crystals of similar purity and 
orientation is demonstrated in Fig. 12, which also 
includes a curve for a similarly oriented crystal of 


99.97% Ag 
= 11,000-13,500 = 12,500-14,000 
9,000 -10,000 OL 9,500 -15,000 / 


Uli. 8,800 - 7,500 Yi, T,Q00- 8,000 9 


99.99% Ag 99.98% Cu 

== 13,000-15,500 9/mm? 19 ,000- 23,500 


Fig. 8—Effect of crystal orientation on the high shear-hardening 
coefficient of stage II. Shaded regions were determined from data 
on the crystal orientations indicated by solid circles. 
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Table IV. Values of Elastic Modulus (E) for Silver and Copper 
Crystals of Critical Orientation 


E, Kg per Sq Mm 


Metal Direction 
Silver 11,500 2° from [111] 
(99.99) 7,920 4° from [110] 
4,080 4° from (100) 
Copper 18,200 7° from (111) 
(99.98) 11,100 6° from [110) 
7,450 6° from (100) 


~-~-[10) 00) 
—— [10] 


40 50 
Xe, deg 


Fig. 9—Variation in the shear-hardening coefficient of stage II, 


T 
—— (II), on going from a [110] orientation to a [100], 


a 
[111], and [100] — [111] symmetry position. Values of the 
shear-hardening coefficient indicated in the stereographic triangles 
are in kg per sq mm. 
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Fig. 10—Stress-strain curves for similarly oriented silver crystals of 
different purity. 
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Table V. Data on the Two-stage Hardening Curve for Silver: S, = Critical Resolved aces aaa (Onset of Stage 
1); Su == Resolved Shear Stress (Onset of Stage II); a == Shear Strain (Extent of Stage |); ) == Shear Hardening 


Coefficient of Stage | 


iF 


Mean Value’ 


59 
61 
65 


Mean Value’ 


Mean Value* 


* Mean values do not include crystals Nos. 15, 65, and 52 because of their critical orientation (near [100] ). 


99.99 pct Al taken from the recent work of Liicke 
and Lange.” It may be seen that, with a decrease in 
the melting point of the material (Cu~Ag-Al), the 
extent of stage I increases and the degree of strain 
hardening in stages I and II decreases. This melting- 
point effect could be translated also into one of test- 
ing temperature. 

It appears significant that a decrease in the extent 
of stage I with orientation, impurity content, or 


53 
34 


53-99.999%Cu 
34-99.98 % Cu 


| 1 


Strain 

Fig. 11—Stress-strain curves for similarly oriented copper 
crystals of different purity. 
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melting point is always accompanied by a corres- 
ponding increase in its degree of shear hardening. 
To determine whether an intimate correlation exists 
between these two physical features, the values of 
resolved shear stress S,, and shear strain a, corres- 
ponding to the end of stage I or the onset of stage II 
were determined for a number of silver and copper 
crystals in addition to the values of critical shear 
stress for the onset of stage I, S,, and the shear hard- 


ening coefficient of stage I, oe (see Tables V 


and VI). The co-ordinates, S,, and a, were obtained 
from the intersection of the two linear regions of 
the two-stage hardening curve. It is apparent from 
the data in Tables V and VI that for each material 


Fig. 12—A comparison of stress-strain curves for copper, 
silver, and aluminum of similar purity and orientation. 
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(— 1, 
Speci- Si, Su, Su-S1, a 
men xo L | Grams per Grams per Grams per Grams per Purity, 
, Ne. Degree DI Sq Mm Sq Mm Sq Mm a Sq Mm Pet 
il 37 46 119 73 0.020 3650 99.99 
15 43 51 137 86 0.019 4400 99.99 
16 47 45 121 76 0.024 3170 99.99 
18 35 44 116 72 0.023 3130 99.99 
20 “4 42 lll 69 0.009 7670 99.99 
' 25 43 48 125 77 0.027 2850 99.99 
28 50 52 125 73 0.037 1970 99.99 
46 120 99.99 
- 55 37 37 73 160 87 0.018 4830 99.97 
: 57 46 46 7 176 97 0.029 3310 99.97 
27 32 81 174 93 0.013 7600 99.97 
47 51 71 161 90 0.047 1880 99.97 
39 44 90 218 128 0.024 5330 99.97 
Pe 76 168 92 99.97 
33 46 46 134 264 130 0.063 2060 99.93 
37 49 52 138 267 129 0.119 1080 99.93 
40 26 37 132 266 134 0.040 3380 99.93 
42 38 40 126 245 119 0.052 2290 99.93 
: 47 28 32 123 248 125 0.031 4030 99.93 
52 35 35 147 302 155 0.034 4560 99.93 
131 258 127 99.93 
| 
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= | 
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the values of a and (——-)I are markedly dependent 
a 


upon crystal orientation, whereas the coordinate of 
shear stress, S,,, is not. Thus, like the resolved shear 
stress for the onset of stage I (S,), it would appear 
that the value of resolved shear stress for the onset 
of stage II is associated with a law of critical shear 
stress. It follows, therefore, that stage I is associ- 
ated with an increment of shear stress (S,, — S,) 
which also is independent of crystal orientation and, 
hence, amount of shear of stage I. These generaliza- 
tions are clearly expressed in the schematic shear 
stress-shear curves of Fig. 13. It may be seen that 
the change in slope of the shear-hardening curve 
occurs at a constant value of shear stress, S,,, for the 
differently oriented crystals A and B; and conse- 
quently, the increment of shear stress, S,, — S,, is 
also a constant independent of orientation. These 
generalizations also apply to super purity aluminum, 
as evidenced by the data in Table VII which was 
calculated from the load-extension curves of Masing 
and Raffelsieper.’ 

It may be noted from the data in Table V that the 
values of S,, for crystals Nos. 15, 45, and 52 are ex- 
ceptionally high. These apparent anomalies can be 
attributed to the ill-defined nature of the two-stage 
hardening curve for these crystals, whose initial 
orientations were near a [100]. For this reason, 
these values were not included in the determination 
of the mean value of Sy. 

The data in Table V also show an increase in the 
increment of shear stress, S,, — S,, with increasing 
impurity content. This would suggest that S,, in- 
creases more rapidly than S,; with amount of im- 
purity. In view of this effect, the similarity in the 
mean value of S, — S, for copper and silver of 
similar purity is probably fortuitous. It is not likely 
that the different impurities will have the same 
effect in the two metals. In Fig. 14 the present data 
on the stress-strain characteristics of copper and 
silver crystals of various purity are summarized 
schematically. 

Slip-Band Formation: Since considerable difficulty 
was experienced in resolving slip markings in the 
silver crystals (most likely a result of an oxide-film 
formation), this phase of the work was confined to 
an examination of slip bands on electrolytically 
polished surfaces of OFHC-copper crystals whose 
original orientations are indicated in the stereo- 
graphic triangle of Fig. 15. 

The micrographs in Fig. 16 illustrate the nature of 
the slip process in a copper single crystal with initial 


Table Vi. Data on the Two-stage Hardening Curve for 99.98 
Copper: S, = Critical Resolved Shear Stress (Onset of Stage !); 
S,, = Resolved Shear Stress (Onset of Stage !!); a = Shear Strain 


T 
(Extent of Stage |); (—), = Shear Hardening Coefficient of Stage | 
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Fig. 13—Schematic representation of the effect of crystal 
orientation on the shear stress-shear curve: S, is critical re- 
solved shear stress (onset of stage |), and S,, is critical re- 
solved shear stress (onset of stage !!). 


orientation near the [111]. As may have been antici- 
pated from the geometrical considerations for glide, 
appreciable slip has occurred on the octahedral 
planes designated primary, conjugate, and cross- 
slip in accordance with accepted terminology. With 
increasing extension, there is a definite tendency for 
the primary slip markings to appear as coarse bands, 
as shown in Fig. 17. It is believed that this is due to 
the inhibition of primary slip by the presence of 
cross-slip, since the primary slip bands are separ- 
ated by regions in which extensive cross-slip has 
occurred. This could account for the observed coarse 
primary slip bands reported by Chen and Mathew- 
son” in aluminum crystals with orientations near a 
[111]. Similar observations of primary and cross- 
slip band development in copper under similar test- 
ing conditions were very recently reported by Becker 
and Hobstetter.” 

The slip process in crystals with initial orienta- 
tions near the [100] was similar to that for the 
[111] oriented crystals. The only significant differ- 
ence was in the degree of complexity of the slip 
process, with the [100] producing the more complex 
pattern. In the case of the [100]—[111] orienta- 
tions, no more than three, and in many cases only 
two, slip systems were observed; and, unlike the 
[100] and [111] orientations, the multiple slip oc- 
curs in such a manner as to produce a uniform net- 


Table Vil. Data on the Two-stage Hardening Curve for 99.999 
Aluminum (Raffelsieper and Masing): S, = Critical Resolved Shear 
Stress (Onset of Stage |); S,, = Resolved Shear Stress (Onset of 


T 

Stage II); a = Shear Strain (Extent of Stage 1); (—), — Shear 
a 

Hardening Coefficient of Stage |! 


(—)I, 
Si, Su, a 
Speci- Xo, do, G G G Grams 
men De- De- per per per per 
Ne. gree gree Sq Mm 8q Mm 8q Mm a Sq Mm 


Mean Value 
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S$; Xe < Xe 
a 8 
F 
T 
36a 51 118 214 96 0.104 905 
- 42a 31 31 107 183 76 0.066 1170 nme 
a 31b 28 35 103 176 1% 0.057 1310 me 
46b 34 3 132 211 79 0.050 1470 
48b 32 0 180 17 0.070 1080 Me 
30 42 44 95 181 86 009 9600 57 36 36 117 192 75 0.067 1105 ew 
31 41 41 102 183 81 015 5400 62b 34 35 112 197 85 0.072 1180 ie 
33 46 50 96 186 es 024 3660 31e 29 a4 117 198 81 0.050 1070 ee 
34 47 52 101 190 89 023 3870 38c 36 36 123 193 70 0.064 1050 o-ety 
39 48 48 93 178 85 016 5310 43 32 32 105 181 76 6.037 2085 oe 
42 44 46 101 187 86 013 6610 eo 
98 184 86 113 192 79 
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work of intersecting lines (see Fig. 18). 

From the results of the preceding section on 
stress-strain characteristics and the slip data in Figs. 
16 through 18, it is apparent that the stress-strain 
diagram, which exhibits a parabolic and high rate of 
strain hardening immediately following the onset 
of plastic flow (see Figs. 3 through 6), is associated 
with a multiple-glide process. Furthermore, since it 
has been demonstrated that the shear hardening is 
greatest for a crystal with a [100] orientation, it ap- 
pears that the degree of slip multiplicity also is re- 
flected in this fundamental property of the crystal. 

The results on the effect of crystal orientation on 
primary slip-band development indicate that, for 
orientations far removed from the [100]—[111] 
boundary, a mild tendency exists for slip bands to 
cluster with increasing deformation (see Fig. 19). 
However, for orientations closer to this symmetry 
position, this tendency disappears and the bands as- 
sume a more regular spacing along the crystal. 

To determine the change in slip-band develop- 
ment in going from stage I to stage II, the loading of 
crystals with initial orientation in the vicinity of the 
[110] was interrupted at critical extensions for 
metallographic observation. It was found in all cases 
that stage I was associated with slip on a single sys- 
tem, while the onset of stage II was accompanied by 
the appearance of unpredictable cross and conjugate 
slip. These systems operate, despite the fact that the 


Extent(Sheor ,a) of Stage I 


Fig. 14—Schematic representation of the effect of orientation 
(x), impurity content (/.C.), and melting point (M.P.) on 
1—the extent of stage |, and 2—the shear-hardening co- 
efficient of stages | and Il. 


{i00] 


Fig. 15—Original orientations 
of copper single crystals used 
in the study of slip-band de- 
velopment. 
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crystal orientation is still well within the range of 
orientation conventionally requiring slip on a single 
(primary) system. Examples of the slip-band pat- 
tern in stages I and II for crystal 7’ is shown in 
Fig. 20. 

It is significant that the pattern of multiple glide 
following extensive slip on a single system is some- 
what different from that appearing in crystals where 
multiple glide occurs at the very onset of flow 
(compare the micrographs in Figs. 18 and 20). In 
the former case, the conjugate slip prefers to occur 
in bands around the crystal, whereas in the latter 
case it occurs uniformly throughout the crystal, re- 
sulting in a regular network of intersecting slip 
markings. Since it was shown in the previous sec- 
tion that the shear-hardening coefficient for crystals 
with an initial orientation at the [100]—[111] 
boundary was always greater than that correspond- 
ing to the stage II for the [110] crystal orientation, 
it would appear that the greater the number of in- 
tersections between operative slip systems, the 
greater will be the resultant shear hardening. This 
conclusion is supported also by the observed higher 
hardening with increased multiplicity of glide. 

Inhomogeneities of Plastic Flow: Kink Bands— 
Microscopic examination of copper crystals extended 
up to 15 pct revealed no evidence of kink-band 
formation. Consequently, this type of inhomogeneity 
contributes very little to the high rate of strain 
hardening observed in these crystals. Since recent 
evidence” ” ™ has indicated that kink bands do not 
occur in crystals where multiple glide can be ex- 
pected, their apparent absence in the copper crystals 


Fig. 16—Multiple glide in crystal 3’ after 0.5 pct extension. X100. 
Area reduced approximately 60 pct for reproduction. 


Fig. 17—Coarsening of primary slip bands between regions of pro- 
nounced cross-slip crystal 3’ after 21. pct extension. X100. Area 
reduced approximately 40 pct for reproduction. 
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of the present study could be attributed to the high 
prevalence of unpredicted cross and conjugate slip 
in the very early stages of flow. Failure to detect 
these bands also could be attributed to the homo- 
geneous method by which the present crystals were 
deformed. As mentioned earlier, a rotatable-grip 
arrangement was devised which eliminated the lat- 
tice bending associated with constraints imposed by 
the rigid grips in the conventional method of test- 
ing. Since it is believed generally that kink bands 
are associated with the relief of such conformal 
bending stresses, no need exists then for their oc- 
currence in the homogeneously deformed crystals 
of the present study. In support of this view, fine 
kink bands of the type shown in Fig. 21 were ob- 
served in a copper crystal extended in the conven- 
tional manner, using rigid grips. Moreover, the 
strain hardening in stage II of this crystal was ap- 
proximately 5 pct (outside experimental error) 
greater than that in an identically oriented crystal 
extended with rotatable grips and exhibiting no 
kink bands. Thus, it would appear that kink bands 
can be associated with the relief of bending stresses 
resulting from the “grip-effect,” but their presence 
has no appreciable effect on the degree of strain 
hardening in these crystals. This supports the recent 
theoretical considerations of Mott,” who pointed out 
that groups of piled-up dislocations in a deformation 
band have no long-range stress field and, conse- 
quently, cannot contribute to work hardening. 

The crystallographic geometry of the fine kink 
bands in Fig. 21 is identical to that reported for 
similar kink bands in aluminum;” ™ ™ and it is in- 
teresting to note that they occurred in regions of the 
crystal devoid of multiple glide. 

Bands of Secondary Slip—In many of the deformed 
crystals, there is observed frequently a type of flow 
inhomogeneity which closely resembles the bands of 
secondary slip recently reported in aluminum by 
Honeycombe.” Examples of this inhomogeneity are 
shown in Fig. 22, from which it may be seen that the 
bands occur almost parallel to the primary octahe- 
dral slip markings and represent regions in which 
primary slip has been replaced to some extent by 
slip on the cross-slip and conjugate planes. It is 
further apparent that in some crystals the bands 
assume a characteristically rumpled appearance. In 
agreement with the views of Honeycombe, it is be- 
lieved that this noncrystallographic rumpling is due 
to alternate slip on the conjugate and cross-slip 
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a—Primary and conjugate slip in crystal 5’ after 1.6 b—Primary, conjugate, and cross-slip (lower left 
corner) in crystal 8° after 3.5 pct extension. X100. 


Fig. 18—Appearance of multiple glide in crystals with orientations near the symmetry position for 


Fig. 19—Cluster- 
ing of primary 
slip bands in crys- 
tal 4’ after 0.4 
pct extension. 
X100. 


planes, as well as to the orientation of the plane of 
observation with respect to active slip directions.” 

No orientation effect could be attributed to the 
occurrence of these deformation bands, since they 
were observed in crystals of widely different orien- 
tation. However, there does appear to be an orien- 
tation dependence on their size and distribution 
along the crystal, as may be inferred from the dif- 
ference in their development, as seen in Fig. 22. 

As regards their development, it has been noted 
already that the bands were observed frequently in 
crystals exhibiting localized cross-slip, and that the 
cross-slip segments appeared in a banded formation. 
Moreover, it may be inferred from the micrographs 
in Fig. 23 that the ends of the cross-slip segments 
present effective barriers to the propagation of pri- 
mary slip lines. This results in the appearance of 
bands of cross-slip at a small angle to the primary 
slip planes, since the line joining the ends of the 
cross-slip segments is roughly parallel to the pri- 
mary slip plane. It follows that the observed differ- 
ence in the development of these bands (see Fig. 22) 
can be interpreted in terms of the intimacy of cross- 
slip with primary slip. This analysis should apply 
also to conjugate slip when appearing in bands 
around the crystal. 


Discussion of Results 

The results of the present study have demonstrated 
that the gross shape of the shear stress-shear dia- 
gram for copper and silver crystals in the early 
stages of flow is markedly dependent upon crystal 
orientation. Depending upon the complexity of the 
slip process following the onset of flow, it is possible 
to obtain either a high parabolic hardening or a low 
linear hardening. Since Masing and Raffelsieper’ and 
Liicke and Lange” reported a similar dependency in 
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Fig. 20—Slip-band pattern in stages | and |! for crystal 7’ with increasing extention. X100. 


KZ Fig. 21—Appear- 
ance of fine kink 
bands in crystal 
extended 8 
pet with nonro- 
tatable grips. Ar- 

rows point to 

kink bands. X100. 


high purity aluminum, it can be concluded that the 
law of shear hardening is not valid for face- 
centered-cubic metals in the early stages of flow 
where variations in the inhomogeneity of the slip 
process manifest themselves. 

The high parabolic hardening was always coinci- 
dent with slip on several systems; and the greater 
the multiplicity of glide, the greater was the degree 
of shear hardening. Since sessile dislocations are 
formed by coalescing edge dislocation on intersect- 
ing slip planes,”™ then a possible explanation for 
the main source of hardening in these crystals is the 
strain associated with piled-up dislocations at these 
immovable barriers. This is in support of the recent 


1018—JOURNAL OF METALS, SEPTEMBER 1954 


theoretical views proposed by Lomer® and Cottrell,” 
and recently discussed in detail by Mott.” 

The gradual decrease in the high hardening with 
increasing deformation (see Fig. 7) can be attrib- 
uted, therefore, to the tendency for existing primary 
slip bands to coarsen with increasing deformation, 
because of the inhibition of primary slip in regions 
of multiple glide. This would result in a smaller 
increase in the number of intersecting slip planes 
with deformation, and a gradual decrease in the de- 
gree of hardening. 

In a recent theoretical investigation of work 
hardening, Seitz” proposed that the formation of ag- 
gregates of vacancies in the immediate vicinity of 
slip sites can result in appreciable work hardening, 
since they represent effective barriers to moving 
dislocations. Since these vacancies are produced by 
crossing dislocations, a large number of vacancies 
in regions of multiple glide might be expected. Thus, 
the possibility exists that a part of the high para- 
bolic hardening in these crystals may be attributed 
to the presence of vacancies in excess of their equil- 
ibrium concentration. 

Mott” suggested recently that the above harden- 
ing due to vacancies will not take place if they are 
formed at temperatures high enough for self-diffu- 
sion to occur. Under such conditions it was proposed 
that the vacancies can diffuse to regions of piled-up 
dislocations, causing a recovery effect and a cluster- 
ing of slip bands. Thus, depending upon the ability 
for vacancies to diffuse at a given testing tempera- 
ture, either a hardening or softening effect can be 
expected. This might explain the slightly lower 
parabolic shear hardening for silver as compared to 
copper. 

The above considerations cn the role of sessiles 
can also account for the low linear hardening of 
stage I. In this region deformation occurred solely 
by slip on a single system; and consequently no 
hardening could result from groups of piled-up edge 
dislocations through the formation of sessiles. The 
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same argument must also apply to the hexagonal 
metals (Cd, Zn) where slip is confined to one plane. 
The low linear hardening in these metals of magni- 
tude comparable to stage I persists to much higher 
extensions than in the face-centered-cubic metals 
because of the absence of conjugate and cross-slip. 
Increased hardening apparently occurs through the 
formation of twins and deformation bands.” 

In regard to the mechanism responsible for the 
low hardening in stage I, it may be significant that 
a decrease in the shear hardening of this region 
generally is accompanied by a mild tendency for the 
slip bands to cluster. Thus, the variation in the 
hardening of stage I with orientation may be similar 
to the dependence of hardening on temperature. It 
appears unlikely that Mott’s fine slip theory,” based 
largely on recent data of Kuhlmann-Wilsdorf et 
al.,""" applies to stage I in copper, since slip bands 
were detected for strains as low as 0.05 pct. 

The effect of impurity content is solid solution on 
the gross shape of the shear stress-shear diagram 
clearly showed that the less pure the material, the 
greater will be the region of low hardening. This 
conclusion would appear, at first, to contradict the 
recent results of Liicke and Lange” and Andrade 
and Henderson,” who failed to observe a region of 
low hardening in commercially pure aluminum and 
nickel, respectively. It will be remembered, how- 
ever, that the impurities in these materials, partic- 
ularly in the case of aluminum (0.26 pct Si, 0.18 pct 
Fe), were of such a nature as to suggest that they 
did not all go into solution. In fact, this was reflected 
in the rather small increase in the reported critical 


a—Crystal 1’ after 7 pct extension. 


o—Crystal 2° after 3.5 pct extension. 
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Fig. 22—Nature of bands of secondary slip. X100. 


Fig. 23—Inhibiting effect of cross-slip on propagation of primary slip bands. X150. 


shear-stress value of aluminum (187 to 370 grams 
per sq mm) in going from a purity of 99.99 to 99.5 
pet. The presence of insoluble impurities, most 
likely in regions of dislocations corresponding to 
mosaic and lineage boundaries, can be expected to 
stop moving dislocations, thereby lowering the mean 
value of slip distance. This would result in increased 
work hardening immediately following the onset of 
flow, which could account for the absence of a region 
of low hardening in commercial-purity materials. 

It is noteworthy that the increase in stage I with 
impurity content is accompanied by a higher yield 
point, which probably is caused by the anchoring of 
dislocation sources by the impurity atoms in the 
manner proposed by Cottrell.” Since a similar cor- 
relation is found in the stress-strain curves for alloy 
crystals” * and in the order, disorder arrangement 
of AuCu, crystals,“ it is possible that the Cottrell 
mechanism for yielding might also be responsible 
for the larger regions of low hardening in the less 
pure material. Thus, in face-centered-cubic metals 
of highest purity, where the yield point is not likely 
to be affected by Cottrell anchoring, an ill-defined 
yield-point and only a small region of low harden- 
ing should be encountered. This was the case in the 
99.999 copper crystals of the present study. The 
absence of a well defined yield point in the Cottrell 
sense could be attributed to the substitutional char- 
acter of the impurities. 


Conclusions 
The plastic properties of extended silver and cop- 
per crystals of varying purity were investigated as 


b—Crystal 6’ after 9 pct extension. 


b—Crystal 1’ after 6 pct extension. 
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a function of crystal orientation in the early stages 
of flow (<15 pct extension). The results of this 
study have led to the following conclusions: 

1—With the possible exceptions of the [100] and 
[111] orientations, the Schmid law of critical re- 
solved shear stress was confirmed. 

2—A small increase in the amount of soluble im- 
purities results in an appreciably higher yield point. 

3—For crystal orientations near a [100], [111], or 
[100]—[111] boundary, the shear stress-shear dia- 
gram exhibits a parabolic and high rate of harden- 
ing; whereas for crystal orientations near the [110], 
a two-stage hardening curve is obtained which is 
characterized by a low linear hardening followed by 
a high parabolic hardening. 

4—The shear-hardening coefficient for both stages 
of hardening in the two-stage curve is markedly de- 
pendent upon crystal orientation, increasing at an 
increasing rate on approaching the [100], [111], and 
the [100]—[111] boundary from the [110]. Thus, 
the extension of the critical shear-stress law to in- 
clude plastic flow is not valid in the earlier stages of 
deformation. 

5—An increase in the angle x, an increase in the 
impurity content in solid solution, and a decrease in 
the melting point have the same general effect on 
the two-stage hardening curve in that they bring 
about an increase in the extent of the first stage and 
a decrease in coefficient of shear hardening for both 
stages. 

6—The onset of both stages of hardening appears 
to be governed by a law of critical resolved shear 
stress. 

7—The low linear form of hardening is associated 
with slip on a single system; whereas the high para- 
bolic hardening is coincident with multiple glide. 
Moreover, the greater the multiplicity of glide, the 
greater is the degree of shear hardening. 

8—The main source of hardening in these crystals 
is believed to be the strain associated with piled-up 
dislocations at sessiles, which are formed at inter- 
secting slip planes. 
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HE determination of the self-diffusion coefficient 

of magnesium has been made possible recently 
by discovery“ of a radioactive isotope, Mg” hav- 
ing a half-life of 21.3 hr,‘ and subject to manufac- 
ture in useful quantity. In the present research this 
material was condensed from the vapor phase upon 
a surface of high purity magnesium. The progress 
of diffusion of the tracer atoms into polycrystalline 
magnesium was followed by machining layers and 
measuring the change in the intensity of radiation 
as a function of the distance of each layer from the 
surface. The self-diffusion coefficient was found to 
be 2.1x10~ sq cm per sec at 627°C, 3.6x10° sq cm 
per sec at 551°C, and 4.4x10™” sq cm per sec at 468°C; 
the activation energy is about 32,000 cal per mol. 


Experimental Procedure 

Since there was no other published measurement 
of a diffusion velocity in any magnesium-base ma- 
terial, is was necessary to employ a number of new 
experimental techniques. The short half-life of Mg” 
made it necessary to complete the entire experi- 
mental procedure within three or four days. This 
meant that the work had to be done where a cyclo- 
tron was readily accessible and that all operations, 
prior to the diffusion heat treatment, had to be so 
designed as to minimize their time requirements. 
Unusual problems were imposed also by the chemi- 
cal reactivity of magnesium, its high vapor pressure, 
and the fact that no satisfactory method for elec- 
trodepositing magnesium on magnesium is presently 
available. Finally, the machining and handling of 
the easily air-borne radioactive-magnesium chips 
involved certain health hazards, resulting in the 
need for further experimental restrictions. 

Preparation of Mg”: The Mg” was produced in the 
Carnegie Institute of Technology syncrocyclotron by 
the neutron spallation of chlorine.’ This involved 
bombarding a 2 gram crystal of high purity NaCl 
with a beam of 350 mev protons for a period of 2 hr, 
after which the crystal was dissolved in warm water 
and the Mg™ was concentrated and purified by 
chemical means (see Appendix). 

About 50 microcuries of Mg” thus were obtained 
in the form of magnesium oxinate (8 hydroxyquin- 
olate), which was ignited in air to produce MgO. 
This in turn was reduced to magnesium metal va- 
por, by the method of Russell, Taylor, and Cooper,* 
in the vacuum apparatus shown schematically in 
Fig. 1. Here the essential part is a tantalum ribbon, 
slightly dished to receive the MgO. The ribbon, pre- 
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Rate of Self-Diffusion in Polycrystalline Magnesium 


by P. G. Shewmon and F. N. Rhines 


viously outgassed at high temperature, is heated to 
about 1700°C by passing an electric current through 
it, whereupon tantalum oxide is formed, magnesium 
vapor is released almost instantaneously, and con- 
densed partly upon the diffusion sample. 

Diffusion-Sample Preparation: Hot-extruded 
magnesium rod, 21/32 in. round was used in making 
the diffusion specimens. The magnesium analyzed 
as follows: 0.004 pct Al, 0.027 pct Fe, 0.040 pct Mn, 
0.0004 pct Cu, 0.0002 pct Ni, and less than 0.01 pct 
Ca, 0.0004 pct Pb, 0.0011 pct Si, 0.001 pct Sn, and 
0.001 pet Zn. A brief study of the crystal texture of 
this material revealed a sharp fiber texture with the 
(001) plane roughly parallel to the extrusion axis. 
Cylindrical samples % in. long by % in. were ma- 
chined from this rod, the end faces dressed on 3/0 
emery, and lightly etched with 20 pct HCl in water. 
These samples then were annealed for at least twice 
the intended time of diffusion, at the intended dif- 
fusion temperature, in order to stabilize the grain 
structure at about 1 mm average diameter. The 
annealing treatments were conducted in argon in 
the same apparatus and in the same manner as the 
subsequent diffusion treatments, which will be 
described presently. 

Thus, a strain-free plane surface was produced, 
but there remained a layer of MgO which had large- 
ly to be removed before the layer of Mg” was de- 
posited. Most of this layer was taken off by two 
light passes over 3/0 emery paper. The balance of 
the oxide and a thin layer of metal were then re- 
moved by etching 5 to 10 min in 4 pct nital (4 pct 
HNO, and 96 pct ethyl alcohol) made with absolute 
alcohol. There followed immediately three quick 
rinses in: 1-49% pct methanol, 49% pct acetone, 
and 1 pct formic acid, 2-50 pet methanol and 50 pct 
acetone, and 3-pure benzene. This procedure is essen- 
tially that of Sturkey.’ 

The resulting surface, which was of almost elec- 
tropolished brightness, remained plane and was 
free of cold work. It could be kept clean by storing 
under benzene, or in a desiccator; short exposure 
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Fig. 1—Schematic diagram of the apparatus used to plate 
specimens with radioactive magnesium. 
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Fig. 2—Container for protecting diffusion specimens. 


to air had no detectable effect upon the surface. The 
benzene used should be free of sulphur and thio- 
phene, and the rinse materials must be freshly dis- 
tilled to make them water-free. If the latter pre- 
caution is not taken, the diffusion of Mg™ into the 
sample is partially blocked and no useful measure- 
ment of the diffusion velocity is obtained. 

The sample, so prepared, was placed face down in 
the vacuum apparatus, illustrated in Fig. 1, and into 
which the radioactive MgO also had been intro- 
duced. After the pressure had been reduced to be- 
tween 10° and 10° mm Hg, the temperature of the 
tantalum ribbon, carrying the MgO, was increased 
slowly to dispel gases adsorbed upon the MgO. Dur- 
ing this period the shutter shielded the prepared 
magnesium surface from radiant heat and dusts 
emitted from the tantalum ribbon. Then, simulta- 
neously, the shutter was opened and the temper- 
ature of the tantalum ribbon increased to about 
1700°C for a period of about 5 sec. The shutter was 
closed again and the sample removed and stored in 
a desiccator. 

Diffusion Treatments: During the diffusion treat- 
ment it was necessary to guard against the oxidation 
of the Mg” and also its loss through evaporation. 
This was accomplished satisfactorily by the system 
of closures illustrated schematically in Fig. 2. Two 
identical samples were placed, active surface to 
active surface, in a snugly fitting can, machined 
from magnesium-bar stock, and fitted with a mag- 
nesium stopper. This arrangement provided an 
equilibrium pressure of magnesium vapor about the 
samples, thus minimizing evaporation from them. 
By placing two active surfaces together, the “theft” 
of Mg” from the exterior of the sample was com- 
pensated for, at least in major part. Also, the ratio 
of unactivated-to-activated magnesium surface was 
made so large that any oxygen left in the system 
could not produce an important thickness of oxide 
upon the activated area. The can was sealed finally 
in glass (or Vycor for use above 550°C) with an at- 
mosphere of purified argon, adjusted to a pressure 
of 760 mm Hg at the diffusion temperature. 

For the diffusion treatments, a specially designed 
electric-resistance furnace was used. This had as its 
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major feature a heavy aluminum block with wells 
of the correct size to accommodate the samples. 
There was no measurable point-to-point variation 
in the temperature within the length of the speci- 
men, and the control-cycle variation did not exceed 
+0.5°C. Temperature was measured by a cromel- 
alumel thermocouple, calibrated against a Pt-Rh 
standard, and placed within the aluminum block. 
The maximum deviation of the temperature from 
the value reported was of the order of 1.5°C. The 
heating-up time for the highest temperature used 
was approximately 9 min, of which only the last 1 
min may be considered to have contributed signifi- 
cantly to the progress of diffusion. At the end of the 
treatment the specimens were quenched in water, 
so that the time of cooling was negligible. Diffusion 
times computed accordingly are recorded in Table I. 

A sequence of layers, each 0.002 in. thick, was 
machined in a lathe from the activated surface of 
each sample. This first involved adjusting the sur- 
face to perpendicularity with the axis of the lathe, 
turning off a layer from the cylindrical surface of 
the sample to eliminate surface-diffusion effects, 
and the provision of means for the positive capture 
of all turnings and dust from these operations. 
Since radioactive dusts are subject to inhalation by 
the operator, it was necessary to smear each surface 
to be cut with a layer of stop-cock grease to capture 
all metal particles. Subsequently, the turnings from 
each layer were washed with benzene, filtered, 
dried, and weighed. 

Each batch of turnings then was placed in a glass 
planchet, treated with dilute HCl to distribute the 
sample evenly, dried, and counted in a Geiger coun- 
ter. Mg™ decays to Al” with the emission of a 0.3 
mev £ ray, and 0.03, 0.40, 0.95, and 1.35 mev 7 rays. 
Al® has a half-life of only 2.4 min and decays to 
stable Si™ with the emission of a 2.86 mev § ray and 
a 1.78 mev 7 ray. Because of Al*’s short half-life, its 
concentration in the samples is directly proportional 
to that of Mg™. Thus, the total activity per milli- 
gram is proportional to the concentration of Mg”. 


Results 
In these experiments the diffusing agent is con- 
centrated initially in a very thin layer upon the 
surface of a sample of semi-infinite length. The 
solution of the diffusion equation for these condi- 
tions is 


(—2/4Dt) 
2\/ 


wDt 


where c, is the activity per unit volume at the ex- 
ternal surface at time t equal to zero, b is the thick- 
ness of the initial thin layer, c is the activity per 
unit volume in the layer at distance x and time t, 
and D is the diffusion coefficient. Taking the loga- 
rithm to the base 10 of both sides of Eq. 1, the fol- 
lowing is obtained: 
Cob 0.1086 
loge = [2] 
2\/nDt Dt 


The raw data are plotted in Figs. 3 and 4 in terms 
of the loagrithm of the activity per milligram 
against distance squared. The slope of the best 
straight line through the points, as determined by 
the method of least squares, is taken equal to 
—0.1086/Dt. Values of the diffusion coefficient so 
computed are recorded in Table I and the logarithms 
of the diffusion coefficients are plotted against the 
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Specimens 
Magnesium 
Turnings 
= ‘ 
Tempera- 1 D, 
‘ Specimen °c Time, See T (°K) per Sec 
A 551 51,060 1.214 3.6x10-* 
I 627 9,300 1.110 2.06x10-* 
: J 627 9,300 1.110 2.10x10-* 
G 468 224,440 1.349 4.48x10-"° 
H 468 224,440 1.349 4.34x10-" 
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Fig. 3—Specific activity vs distance squared for specimens 
A, |, and G. 


reciprocal of the absolute temperature, in Fig. 5. 
The slope of the latter curve gives a heat of activa- 
tion of 32,000 cal per mol, so that the diffusivity may 
be expressed by the equation 


D = 1.0 exp. (—32,000/RT) sq cm per sec. 


Discussion 

In order to fulfill the boundary conditions that 
have been assumed, all of the material originally 
on the surface must remain with the specimen, i.e., 
none of it may escape into the atmosphere. Also 
the rate of decrease of surface activity must be con- 
trolled solely by the rate of diffusion of Mg” into the 
magnesium metal and must not be influenced by 
the presence of an intermediate layer of another 
phase, such as the oxide. 

With the surfaces of two similar equally active 
specimens placed face to face during the diffusion 
heat treatment, there may be an interchange of 
atoms between the two surfaces, but the net transfer 
should be zero. Steigman, Shockley, and Nix" have 
shown that, for this case of equal surface activity, 
the interchange has no effect upon the thin-layer 
solution to the diffusion equation. In the present 
case, the activity of the two surfaces was about 
equal. Thus, if a net transfer occurred at all, its 
effect would be small. That this effect was indeed 
negligible, can be seen by examining the first few 
points in each of the curves shown in Figs. 3 and 4. 
In only one case did the first point lie below the 
extrapolated straight line, as should be expected had 
there been loss of Mg”; and, in this case, neither the 
second nor third points deviated from the straight 
line. 

There is, in fact, another route by which Mg™ 
could have escaped from the specimen surface with- 
out following the intended path of diffusion; this is 
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by surface diffusion to the cylindrical surface of the 
specimen and thence by vapor transfer to the mag- 
nesium container. That such transfer did, indeed, 
occur was shown by the fact that both the cylindri- 
cal surface and the container did become appreci- 
ably radioactive. The effects of this loss were 
minimized by cutting away the cylindrical surface 
to a depth exceeding that within which volume dif- 
fusion was subsequently measured before cutting 
layers parallel to the end face for analysis. Thus, 
that portion of the end face most affected by Mg” 
loss was eliminated from the measurements. 

It seems most probable that the high activity 
readings at the first points of each curve are to be 
ascribed to the presence of a thin layer of MgO, 
containing Mg”, upon the external surface and that 
low readings immediately beneath these, when 
found, were due to loss by surface diffusion. Neither 
type of deviation was ever large enough to intro- 
duce doubt into the estimate of the slopes of the 
penetration curves. 

If diffusion into the specimen were controlled by the 
migration of Mg” through a surface layer of MgO, 
the plot of log concentration vs distance squared 
would be concave upward. This is because the oxide 
layer would tend to deliver a constant concentration 
of Mg™ to the metal beneath, instead of permitting 
the concentration to fall as the supply of Mg”™ 
diminished. Concavity upward was found in the 
curves of specimens that had not been rinsed with 
freshly distilled reagents after etching, but was 
completely absent in properly prepared specimens, 
see Figs. 3 and 4. The fact that the activity of the 
first section of each specimen lay above the extra- 
polated straight line may have been due in part to 
blocking, but if this was the case, the good fit of the 
points along the rest of each curve shows that the 
effect was very small. 
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Fig. 4—Specific activity vs distance squared for specimens 
H and J. 
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Table II. Ratio of AH for Self-Diffusion to Melting Point 
in Hexagonal Metals 


Melting AH 
Melting Point, °K 


Tempera- AH, Cal 
Material tere, °K per Mol 


* and | mean parallel and perpendicular to the c axis, respec- 
tively 


Another deviation from the boundary conditions 
conceivably might be introduced by the finite thick- 
ness of the original layer of plated material. From 
the geometry of the plating arrangement, this layer 
was estimated to be about 2x10° cm thick. The 
error correction in D, to take account of this, is 
completely negligible.’ 

There are four possible sources of significant ex- 
perimental error in this kind of determination; these 
are to be associated with the temperature control 
and measurement, distance measurement, radiation 
count, and time measurement. The total spread in 
temperature of +1.5°C corresponds to an uncer- 
tainty of perhaps +1°C in the effective temperature. 
In turn this gives an uncertainty of +2 to 3 pct in 
the diffusion coefficients depending on the tempera- 
ture. The time of diffusion was known to within 
less than 0.5 pct in the 550° and 468°C runs, and to 
within +1 pct at 627°C. Counting errors were less 
than 1.5 pet for each point, except in the most active 
sections where the coincidence correction made the 
determinations good to within only +2 pct. The 
error in weighing each section was +1 pct. 

The systematic error in the distance measurement 
was no more than the error in the tool-feed screw 
of the lathe and is considered negligible. It was im- 
possible, however, to remove a layer exactly 0.002 
in. thick for the first section. An error in the meas- 
urement of the thickness of the first section of 
+0.0005 in. gives an uncertainty in the diffusivity of 
approximately +3 pct due to a shift in the origin 
of the co-ordinates. In this work, the thickness of 
the first section was estimated to the nearest 0.0005 
in. from the weight of the section and the distance of 
the center of each section from the surface adjusted 
accordingly. Errors due to misalignment of the spec- 
imen and the finite thickness of the sections were 
checked with the equation published by Hunting- 
ton” and found to be of the order of 0.2 pct. If all of 
the aforementioned errors were in the same direc- 
tion, the error in D would not be greater than 10 pct. 

Since there are no data in the literature relative 
to diffusion in magnesium or its alloys, these data 
can be compared only with generalizations that 
have been established for self-diffusion. In accord- 
ance with one of these, the ratio of the heat of acti- 
vation for self-diffusion, AH, to the melting point is 
found to be about constant. Table II shows the com- 
parison of this ratio for magnesium with the values 
obtained for Zn and Cd, using the heats of activa- 
tion reported by Huntington.” Another generaliza- 
tion, which is due to Zener, is that D, should lie 
between 0.1 and 10. This is consistent with the D, 
of 1.0 determined in this work. Finally, it is inter- 
esting to note that the Dushman-Langmuir equation 
gives a heat of activation of 30,500 cal per mol for 
the data given in Table I. 
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Since magnesium has a hexagonal-close-packed 
crystal structure, it is natural to inquire whether 
there is an anisotropy of diffusion. The facts that, 
in the present experiments, self-diffusion was meas- 
ured parallel to the axis of extrusion of the metal 
and that there existed a definite preferred orienta- 
tion of the crystals, mean that the present results 
could be influenced by an anisotropy of diffusion. If 
such an anisotropy does exist in magnesium, the dif- 
fusion coefficients reported here will correspond to 
diffusion parallel to the basal plane. Single-crystal 
studies designed to determine the anisotropy of self- 
diffusion in magnesium are currently in progress. 
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samples. 
Appendix 
During the bombardment of NaCl, radioactive 
isotopes of most of the elements with an atomic 
number lower than chlorine are produced in small 
amounts. Among these, beryllium, phosphorous, and 
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Mg 923 32,000 4.7 
Zn\\* 693 21,800 31.5 
Zn\* 693 24,300 35.1 
504 17,300 29.1 


aluminum had to be removed from the solution be- 
fore the magnesium could be precipitated. The 
aluminum came primarily from small pieces of the 
protective foil which were fused to the NaCl during 
the bombardment, while the beryllium and phos- 
phorous were present as long-lived isotopes. Since 
the separations were to be accomplished by precip- 
itation from aqueous solution, it was necessary to 
have present enough of each of the elements con- 
cerned to form the respective precipitates. There- 
fore, 5 mg of each of these elements, including mag- 
nesium, were added to the original salt solutions to 
act as “carriers.” This addition of magnesium carrier 
also dilutes the Mg™ to such an extent that the con- 
centration of Si”, the ultimate decay product of Mg”, 
is entirely too small to change the diffusivity by an 
alloying effect. 

After dissolving the NaCl crystal in warm water, 
beryllium, magnesium, aluminum, and phosphorous 
were precipitated by the addition of NaOH, the pre- 
cipitate being digested, centrifuged, and separated 
from the solution by decantation. The discarded 
solution contained the radioactive isotopes of Cl”, 
S”, Si", and F”. Since these isotopes furnished 
95 pct of the radioactivity of the original solution, 
this first separation made the balance of the chemi- 
cal operations relatively “cool.” The precipitate was 
then dissolved in HCl, the resulting solution diluted, 
and the precipitation with NaOH repeated. Again 
when the precipitate was taken up with HCl, beryl- 
lium and phosphorous-carrier solutions were added 
and the phosphorous precipitated by the addition of 
zirconium sulphate, which precipitate was digested, 
centrifuged, and decanted. To the decanted solu- 
tion, phosphorous and zirconium sulphate were 
added again and the precipitate separated. A few 
drops of zirconium solution were again added and 
if no precipitate was formed, the solution was made 
basic with NH,OH. This precipitated beryllium, zir- 
conium, and aluminum, and the separation was 
carried out again by digestion, centrifuging, and de- 


canting. The precipitate was taken up with HCl, and 
carrier solutions of beryllium and aluminum were 
added; the precipitation with NH,OH and the sub- 
sequent separations were repeated. The solution 
then was made acid with acetic acid and a solution 
of oxine added. If a precipitate formed, it was alu- 
minum and had to be removed by filtering. If no 
precipitate formed, the solution was made basic 
with NH,OH and magnesium precipitated as mag- 
nesium oxinate. Finally this precipitate was re- 
covered by filtering. 
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Technical Note 


HILE examining lineage boundaries in ger- 
manium single crystals as described by Vogel 

et al.,* patterns of conical etch pits were noted which 
reveal interesting properties of dislocations. The 
crystals were grown by pulling in the <100> direc- 
tion, and (100) surfaces perpendicular to the growth 
direction were etched 4 min in a mixture of 6 cu cm 
HF, 10 cu cm HNO,, 6 cu cm acetic acid, 3 drops Br,. 
Lineage boundaries extended in any direction, 
but favored the <110> direction. The patterns 
which were noted first were composed of two or 
three etch pits arranged symmetrically about the 
lineage boundary, so that the doublets were spaced 
equally on either side of the boundary line and the 
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Etch Pits and Dislocations in Germanium and Silicon 
by J. J. Oberly 


triplets had their center pit on the boundary line. 
The triplets occurred less often than did the dou- 
blets; occasionally combinations were found. Two 
such combination patterns are shown in Figs. 1 and 
2. The orientation of the patterns was determined 
approximately by subsequently etching the same 
surfaces in a mixture of 5 cu cm HF, 5 cu cm super- 
oxol, and 20 cu cm distilled water which produced 
nearby random square etch pits having edges in the 
<110> direction. In all cases, the axis of symmetry 
was <110>, being parallel to the etch-pit edges. 
Several successive lapping and etching operations 
showed that the patterns tended to continue through 
the crystal in the <100> direction, but eventually 
changed or vanished. It can be seen in both photo- 
graphs that the pits in the patterns are much further 
apart than the pits in the adjacent section of the 
lineage boundary. In Fig. 1, the 10 pits of the pat- 
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Fig. 1—Symmetrical etch-pit pattern 
containing two doublets and a triplet. 
X500. 


tern occupy nearly the same total length of the 
boundary (39 microns) as the adjacent group of 10 
pits (36 microns). In this single-row section, the 
average spacing of 4 microns between pits corres- 
ponds to an orientation difference of 20 sec across 
the boundary. Within the pattern, the spacing of the 
pits along the boundary line, beginning at the single 
pit beyond the triplet, is 8.0, 9.0, 8.0, 8.0, and 5.6 
microns; the separation of the pits within the triplet 
is 7.6 microns and within the doublets is 6.6 microns. 
The spacing is not perfectly uniform along the pat- 
tern axis, but it does seem as much so as the more 
regular sections of the single rows. On the other 
hand, the overall length of the pattern of Fig. 2 is 
much greater than that of the adjacent group of pits, 
but is equal to that of a more distant group. Thus, 
any comparison of a pattern with other portions of a 
boundary must depend on the general regularity of 
the boundary. 

Another type of pattern is shown in Fig. 3 in the 
row of pits which extends across the photograph. 
There are four pairs of pits which are not quite per- 
pendicular to the row and which are not arranged 
symmetrically about the row. The four pairs all 
have the same spacing of 9.5 microns, within 5 pct. 
Furthermore, three of the pairs have a third pit 
located to form an angle of 70 to 80 degrees. This 
third pit is closer to the vertex pit than the other pit 
of the pair. These three pairs are all parallel within 
the accuracy of measurement and are oriented in 
the <110> direction. 

An example of intersecting lineage boundaries 
which seems to be an extension of the above pat- 
terns is shown in Fig. 4. The appearance is some- 
what similar to the polygonization which has been 
observed in some metals after deforming and an- 
nealing a single crystal. However, in this case, the 
one set of parallel lineage boundaries have corres- 
ponding pits which form rows perpendicular to the 
first set. The separation of the pits is as great as 70 
microns, corresponding to an orientation difference 
of about 1 sec. The roughness of the surface is due 
to a prior treatment with the superoxol etch. In 
polygonization, the movement of dislocations from 
random lattice positions into regularly spaced rows 
indicates the existence of long-range attractive and 
repulsive forces between edge dislocations of the 
same sign. These forces presumably are responsible 
for the formation of the symmetrical patterns at the 
interface and in the heated crystal adjacent to it, 
although the separation of the pits is relatively 
large. It is possible that the patterns include edge 
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Fig. 2—Symmetrical etch-pit pattern Fig. 3—Four unsymmetrical doublets 
containing triplets. X500. 


having the same orientation and the 


Fig. 5—Two sizes of etch 
pits intermingled. X75. 


dislocations of both signs, but the observation that 
some patterns have the same overall length as the 
same number of pits in the adjacent single row may 
indicate that at least these patterns consist of only 
one sign. 

The calculation of orientation differences above 
was based on the assumption that the rows of pits 
indicated edge dislocations. Clear evidence for more 
than one cause of this type of etch pit is shown in 
Fig. 5, where there are two sizes of pits intermixed. 
Since the smaller pits form rows, they are presum- 
ably due to edge dislocations, leaving the larger pits 
to be attributed to another source, possibly screw 
dislocations. 

Symmetrical! patterns and intersecting lineage 
boundaries also have been observed in silicon etched 
with the same mixture. 


1F. L. Vogel, W. G. Pfann, H. E. Corey, and E. E. Thomas: Phys- 
ical Review (1953) 90, p. 489. 
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Electron Optical Study of Oxidation of High Purity Iron 
At Low Oxygen Pressures 


by Earl A. Guibransen, William R. McMillan, and 
Kenneth F. Andrew 


Annealed and electrolytically polished pure iron was oxidized between 650° and 


850°C at oxygen pressures of 0.1 to 2 microns Hg. Electron optical studies showed 
that oxidation occurs discontinuously over the surface and orients crystallographically 


N previous papers’* the authors described the 
formation of oxide films on high purity iron at 
normal pressures and at temperatures below 300°C. 
Electron optical studies showed that the oxide film 
consisted of many individual oxide crystallites hav- 
ing nearly random orientation on each metal grain. 
The size of the oxide crystallites depended upon the 
temperature and upon the extent of oxidation. In 
these studies the crystallite size varied from 250 to 
1800A. 

Recently, Bardolle and Bénard® studied the crys- 
tal habit of the oxide crystallites formed on Armco 
iron between 650° and 850°C in what might be de- 
fined as a “poor vacuum” atmosphere in which the 
pressure could be varied between 10° to 10° mm 
of Hg. Their results showed that, at 850°C and a 
vacuum of 10° to 10° mm of Hg, a few well ori- 
ented nuclei of oxide were formed on the metal 
grains. At pressures between 10° to 10° mm of 
Hg, many oriented nuclei of oxide were formed. 
At 750°C the metal surface was bright although an 
oxide was present. Unfortunately, the extent of 
oxidation, the oxygen pressure, and the influence 
of carbon in the metal were not determined, and it 
was, therefore, impossible to give a theoretical in- 
terpretation to the very beautiful light micro- 
graphs. Bardolle and Bénard used the light micro- 
scope to determine the crystal habit of the oxide 
and X-ray diffraction to determine the orientation 
relationships. 

It was believed that the use of controlled amounts 
of oxidation at high temperature is an important 
method for the study of the initial stages of oxida- 
tion of metals at high temperatures. This paper 
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with the substructure of the metal grains. 


presents the first results of an electron optical 
study of this problem for iron. Since the electron 
microscope and electron-diffraction methods using 
stripped oxide films and surface replicas yielded 
finer details of the crystal habit and structure of 
oxide film, these methods were used in this study. 

Two types of iron having different carbon con- 
tents were used: Puron and Armco* iron. A ¢om- 


* These are proprietary trade names for grades of ‘iron produced 
by Westinghouse Electric Corp. and the Armco Steel Corp., re- 
spectively. 
parison of the results for these materials made 
possible a study of the influence of the surface 
oxide-carbon reaction on the initial stages of oxi- 
dation. 

Before discussing the experimental results, the 
thermodynamic equilibria of 1—the oxidation re- 
action, 2—the surface oxide-carbon reaction, and 
3—the solubility of oxygen in iron, will be con- 
sidered. In addition, it is important to consider the 
kinetic-theory predictions on the rate of collision 
of oxygen with the iron surface. 


Thermodynamic and Kinetic-Theory Calculations 

Only one type of reaction is usually considered 
in the oxidation of iron at normal pressures at high 
temperatures: 


Fe(a) + 1/2 O,(g) = FeO(s) 
3Fe(a) + 20,(g) = Fe,O,(s) 
2Fe(a) + 3/2 O,(g) = a-Fe,O,(s). [1] 


However, two other reactions may occur: 


FeQ(s) + C (solid solution in Fe) = Fe(a) + 
CO(g) [2] 
and Fe(a) + O.(g) = Fe(a) 
(solid solution of O,). [3] 


In addition, iron will react with the higher oxide at 
certain temperatures to form FeO. For a complete 
interpretation of the oxidation of iron at low pres- 
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Table |. Thermodynamics of Fe-O Reactions 


1—Equilibriam pressure of oxygen over FeO and Fe in atmospheres’ 


Temperature, °C Log Po,, Atm 

600 —24.6 

650 —22.9 

700 ~21.36 
750 20.00 
800 18.74 
850 17.60 
900 — 16.56 


t-—Keaction of FeO with C in the metal: C = 6.001 wt pet. Pressure 
is in atmospheres’ 


Temperature, °C Leg Poo, Atm 
600 —5.2 
650 —48 
700 ~4.3 
750 -39 
800 -3.6 
450 —32 
900 -~3.0 


S—Selubility of oxygen in a-Fe in wt pet’ 
Temperature, °C Solubility, Wt Pet 


600 0.003 (extrap.) 
700 0.008 

770 0.013 

800 0.017 

850 0.022 

900 0.03 


sures and high temperatures, all of these reactions 
must be considered. 

Thermodynamic-equilibrium calculations are 
summarized in Table I for reactions 1 and 2. The 
solubility data for reaction 3 were kindly furnished 
by Dr. A. U. Seybolt.* 

The calculations showed that iron will oxidize at 
850°C in the best of high vacuum systems. The ex- 
tent of oxidation at low oxygen pressures was lim- 
ited only by the amount of oxygen available and by 
the time of reaction. 

If carbon was present in the metal even at con- 
centrations as low as 0.001 wt pct, it would react 
with the surface oxide under vacuum conditions by 
reaction 2 to form CO and the metal. For the weight 
and area of the samples used in this study, 0.001 wt 
pet C would remove several times the amount of 
oxygen associated with the room-temperature oxide 
film. 

The solubility of oxygen in a iron is 0.022 wt pct 
at 850°C. For 0.013 cm thick specimens, this is 
equivalent to the solution of an oxide film contain- 
ing 8.8x10° grams per sq cm oxygen or an oxide film 
of approximately 600A. 

To interpret the rate of reaction of oxygen with 
iron surfaces at low pressures and high tempera- 
tures, the amount of oxygen colliding with a unit 
area in a unit time can be calculated. These calcu- 
lations have been made previously for zirconium.* 

Table II shows the weight of oxygen striking an 
iron surface per unit time and the time in seconds 
required to form a layer of FeO 1A thick. In these 
calculations, it can be assumed that the surface- 
roughness ratio is unity and all of the molecules that 
strike the surface react to form oxide. 


Experimental 

Samples: Two types of iron are used. Puron-grade 
iron was furnished by the Materials Engineering 
Div., Westinghouse Electric Corp., while the Armco 
grade iron was prepared by the Armco Steel Corp. 
In oxidation studies at low pressure, the most im- 
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portant difference in materials is in the carbon con- 
tent. Typical analyses of the two kinds of iron be- 
fore hydrogen anne ing at 850°C are: 1—Puron 
contains no metallic impurity greater than 0.0015 
pet—0.04 pct O and 0.005 pet C. 2—Armeo contains 
0.015 pet C, 0.050 pct S, 0.03 pct Mn, 0.01 pct Si, 
0.007 pet P, and the balance iron. 

Preparation of Samples: To interpret properly the 
initial stages of the oxidation reaction, it is essential 
to use highly annealed samples free from oxide and 
other contaminating films. In addition, the metal 
grain size should be of the order of 0.1 to 1 sq mm. 

The following steps were used in the preparation 
of specimens for this study: 1—Mechanical polish- 
ing using polishing papers up to 4/0 under purified 
kerosene. 2—Cleaning with soap and water, distilled 
water, petroleum ether, and absolute alcohol. 3— 
Electrolytic polishing using Jacquet’s® solution. 4— 
Washing in distilled water and absolute alcohol. 
5—Heating in pure hydrogen at 850°C for 20 hr for 
recrystallization and grain growth and oxide re- 
moval. 6—Cooling in pure hydrogen. 

These steps are similar to those used by Bardolle 
and Bénard,”* except that they included a final step 
of vacuum treating at 550°C for 8 hr at a pressure of 
less than 10° mm Hg. 

Reaction with Oxygen: Strips of 0.013 cm thick 
iron weighing about 0.1 gram and having a surface 
area of 2.5 sq cm were reacted in the vacuum micro- 
balance.” * They were introduced singly and the sys- 
tem pumped overnight at room temperature. A 
vacuum of better than 10° mm Hg was obtained.’ 
The furnace, at the desired temperature, was then 
raised around the Mullite furnace tube. After ther- 
mal equilibrium was established, the reaction with 
purified oxygen’ was started. A given quantity of 
oxygen was introduced by means of a dosing system. 
Weight changes were followed for the oxidation re- 
action as well as for any subsequent reduction of the 
oxide by carbon. Some of the specimens were 
cooled quickly after oxidation to minimize reduction 
of the oxide by carbon. Others were held in the low 
pressure oxygen atmosphere or in vacuum for dif- 
ferent lengths of time to allow reduction of the 
oxide by the carbon in the iron. 

Following the reaction the furnace was lowered, 
the furnace tube and specimen allowed to cool, and 
the specimen removed and stored in a bottle con- 
taining a drying agent. 

Examination of Crystal Habit and Structure: The 
crystal habit of the oxide crystallites formed on the 
metal surface was studied by light microscope, elec- 
tron microscopy of the stripped oxide film, and elec- 
tron microscopy of surface replicas. The crystal 
structure was studied by reflection electron diffrac- 
tion and transmission electron diffraction of the 


Table I!. Kinetic-Theory Calculations, t — 850°C 


Weight of Oxygen 
Colliding with Time te Form 
Surface, Grams per 1A ef FeO,* 
Sq Cm per Sec See 


1.3x10- 
10+ 0.99x10-* 1.3x10-" 
10 0.99x10~ 1.3 
10-* 0.99x10~" 1.3x10 
10+ 0.99x10-2 1.3x108 


* Assuming that all molecules striking the surface react to form 
oxide and the surface-roughness ratio is unity. 
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— 
Pressure, 
Mm Hg 


Wt Gain, 
Experiment T Time, Grams per 

Ne., 60— ture, °C Mm of Hg Min Sq Cm 

10 850 Vacuum 360 o° 

10-* to 
12 850 2x10-* 25 10.73 
Os 
13 850 2x10-* 25 7.27 
“4 750 1x10-* 30 4.59 


4 


Os 
15 650 1x10" 
Oz 


* Weight gain was estimated 


Table II. Oxidation of Puron 1x10° to 4x10° Mm of Hg, 650° to 850°C (Volume of System = 3 Liters) 


from electron micrograph to be less than 10-* grams per sq cm or 6A. 


Average Crys- Crystal 
Thick- tal Orienta- 
ness, A Color Size tion Remarks 
Bright <la Oriented 
752 Light blue <lg~ Oriented — 
508 Blue gray lp Oriented Held in 
vacuum 4 hr 
322 Blue spots <0.54 Oriented 
252 Blue spots <0.34 Oriented a 


stripped oxide film. The light micrographs were 
taken at X189 and enlarged to a final magnification 
of X300. The electron-diffraction patterns were 
taken with the electron-diffraction adapter” of the 
EMB-4 electron microscope. Polystyrene-silica rep- 
licas shadowed with chromium were prepared in the 
conventional manner and studied in the EMB-4 
electron microscope. 

Stripped oxide films were prepared in an electro- 
chemical stripping apparatus which was similar to 
that described previously,’ with the addition of a 
convenient means for supporting the specimens 
while in the bath. The oxidized surface was covered 
with a Parlodion film to support the oxide crystal- 
lites while stripping. 

To attain maximum performance of the electron 
microscope, several modifications were made. An 
adjustable condenser aperture of 3 mil diam was 
used to lower the beam current on the specimen. A 
special apparatus was used for removing the projec- 
tor-pole piece for carrying out studies in the range 
of X400 to X2000. 

Lower magnifications were found convenient to 
use because of the thickness of the oxide film, the 
large structures present in the film, and the larger 
field of study. Photographic enlargements of five or 
more times were possible because of the inherent re- 
solving power of the electron microscope. Most of 
the electron micrographs were made at X1080 and 
were enlarged photographically two to eight times. 
[The area of Figs. 5 and 6 was reduced approxi- 
mately 30 pct each for reproduction.—Ed. ] 

Method of Interpreting the Results: Two stages of 
oxidation were studied. In the first, the oxide film 
corresponded to an average thickness of 258 to 752A, 
while the second stage corresponded to an average 
thickness of 1200 to 4200A. The following facts 
were observed or calculated for each experiment: 


o—Net weight gain was 
10.73 micrograms per sq 
cm, at 850°C for 25 
min. Pressure was 2x10™° 
to 4x10™ mm Hg. X2000. 
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Fig. 1—Electron micrographs of stripped oxide film from Puron. 


1—-weight of oxygen reacting, 2—weight change due 
to surface oxide-carbon reaction, 3—average thick- 
ness of oxide film, 4—color of oxide, 5—crystal 
structure of oxide, 6—size and shape of oxide crys- 
tallites, and 7—crystal habit and orientation with 
respect to the metal grain. The results are presented 
in the tables and figures. 

For the direct oxidation reaction, the important 
variables to study were temperature, quantity of 
oxygen, and pressure. Since the available oxygen 
gas reacted very rapidly at these temperatures, the 
time variable was of less importance. Its effect may 
be felt on the crystal size, degree of orientation, and 
in the solubility of oxygen in the iron. 

For specimens with higher carbon content, the 
time variable also determines the extent of the 
surface oxide-carbon reaction. 


Results and Discussion 


Oxidation of Puron 650° to 850°C, 10° mm of Hg 
of Oxygen—This group of experiments was made to 
study the crystal habit of the oxide film developed 
during an early stage of the reaction. The quantity 
of oxygen was limited by the low pressure used, so 
that the thicknesses of the oxide films were in the 
range of 258 to 752A. A vacuum oxidation was 
included as a control. 

The results are shown in Table III and Figs. 1 to 3. 
The reaction with oxygen occurred at such a rapid 
rate that it could not be followed on the vacuum 
microbalance. In this system, the first reading re- 
quires at least a minute. After this initial oxygen 
pick-up, the pressure was reduced by the reaction 
to about 10° mm Hg. No further weight change was 
observed after the initial reaction. The weight of 
oxygen reacted was proportional to the pressure 
within the accuracy of the pressure measurement. 
Colored oxide films were observed in all of these 


b—Net weight gain was 
4.59 micrograms per sq 
cm, at 750°C for 30 
min. Pressure was 10° 
to 10° mm Hg. X2000. 
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a—Electron micrograph 
of stripped oxide film. 


Fig. 3—Oxidation of Puron. 


Fig. 2—Oxidation of Puron. Net weight gain was 3.60 micrograms per sq cm, at 
650°C for 30 min. Pressure was 10° to 1.5x10* mm Hg. X2000. 


Net weight gain was 3.60 micrograms per sq cm, 


at 650°C for 30 min. Pressure was 10° to 1.5x10~* mm Hg. a and b are electron 


a—Reflection electron- 
diffraction pattern. 


experiments with the exception of the vacuum 
oxidation. 

Vacuum Oxidation (Control): An electron and 
light optical study was made of the surface of a 
specimen of Puron oxidized in a vacuum of the order 
of 10% mm Hg. In this experiment the furnace tube 
was isolated from the pumping system. The gas 
pressure which developed was that from the walls 
of the system. No weight gain was observed. How- 
ever, the electron micrograph of the stripped oxide 
film and the electron-diffraction pattern show the 
presence of a few oxide crystallites. These crystal- 
lites were less than one micron in size and occupied 
only a small fraction of the specimen area. The 
oxygen associated with these oxide particles could 
not be weighed in the microbalance for the size and 
weight of samples used. In addition to these oxide 
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micrographs of stripped oxide film. X16,500. 


Fig. 4—Oxidation of Puron. Net weight gain was 17.25 micrograms per sq cm, 
at 700°C for 3 hr. Pressure was 10° mm Hg. 


b—Electron micrograph 
of stripped oxide film. 
X2000. 


crystallites, a thin uniform film was probably 
present. 

A close examination of many of the oxide crys- 
tals shows evidence for a solution process or for 
reaction with the small quantity of carbon in the 
metal. The surface of the sample was bright, al- 
though an electron-diffraction pattern showed the 
oxide to be Fe,O,. Because FeO transforms to Fe,O. 
and Fe at 570°C, the oxide originally formed at 
850°C was probably FeO. The nature of this trans- 
formation, including the maintenance of orientation 
with the metal on passing through the transforma- 
tion temperature, has been studied in detail in 
previous papers.” 

It was concluded that oxidation occurs on Puron 
under these vacuum conditions. The oxide was very 
discontinuous as has been pointed out by Bardolle 
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Experi- Wt Gain, 
ment Ne., Tempera- Pressure, Time,* 10-*° Grams per 
59 ture, °C Mm of Hg Min 8q Cm 
46 650 4x10-2 180 60.1 
Os 
47 700 1x10-* 180 17.25 
Os 
48 750 2x10 : 180 29.01 
49 800 1x10-* 180 19.32 
Os 
50 850 1x10-* 180 16.77 
Oz 


* All gas was essentially taken up in less than 2 min. 


Table 1V. Oxidation of Puron 10° to 4x10*° Mm Hg, 650° to 850°C (Volume of Reacting System = 3 Liters) 


Average Size of 
Thickness, Compe- Orienta- Crystals, 
A Color sition tion Microns 
4210 Blue gray Fes, Oriented <0.5 
1207 Blue gray FesOy Oriented <10 
2030 Blue, Green, FesO, Oriented <10 
Pink 
1352 Blue gray Fes, Oriented <10 
1174 Blue gray FesOy Oriented 1.0 


and Bénard.* The question of a continuous oxide 
film covering the metal will be discussed later for 
more favorable oxidizing conditions. 

Reaction at an Oxygen Pressure of 10° mm Hg and 
850°C: Fig. la shows the crystal habit of the oxide 
crystallites formed in the oxide film. The oxide 
formed was not uniform although well oriented to 
the metal, as was shown in an electron-diffraction 
study. This stage of oxidation was well beyond that 
studied by Bardolle and Bénard’® in which a few 
well oriented nuclei were observed on the metal 
grain. 

Many interesting facts can be learned from Fig. la: 
1—The crystal habit of the oxide depended upon 
the orientation of the metal grain. 2—The oxide 
crystals formed along certain directions or lines on 
the particular metal grain. 3—Spacing of the lines 
along which oxide crystals grew on a particular grain 
was not uniform, but over a given distance the aver- 
age spacing was nearly constant. 4—This spacing de- 
pended upon the metal grain orientation and was of 
the order of 0.5 to 1.0 micron. 5—The lines of growth 
on a particular grain usually were bent at the grain 
boundaries. The bending of the lines of growth at 
the grain boundaries may be related to a difference 
in elevation of the metal grains and to a rounding 
of the metal surface at the grain boundaries. This re- 
sulted from the original electropolishing procedures. 
At certain grain boundaries these lines of growth 
of two neighboring crystals tended to align them- 
selves in a systematic manner. At other grain 
boundaries these lines of growth intersected at right 
angles. 6—Inclusions in the metal led to circular 
patterns of growth. 

To test the influence of the film-stripping tech- 
nique, it was of interest to compare the surface- 
replica tests with the stripped oxide results. Al- 


AS 
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though the detail of the replicas was not as good as 
for the stripped oxide films, the information gained 
supports that obtained from the stripped oxide 
specimens. The light micrographs showed very little 
detail of the oxide crystallites. 

The effect of time on the crystal habit was studied 
for the oxide film formed at 850°C and an oxygen 
pressure of 2x10“ mm Hg. The sample after oxida- 
tion was held for 4 hr in a vacuum of better than 
10° mm Hg. The oxide crystallites on some of the 
metal grains showed evidence of crystal growth and 
a break-up of some of the lines of growth shown in 
Fig. la. 

Reaction at 10° mm Hg of Oxygen 750°C: Fig. 1b 
shows an electron optical study of the oxidation 
reaction. Again a nonuniform oxide film was 
formed. The size of the oxide crystallites was 
smaller, as was the spacing between the lines of 
growth, than was found for the 850°C experiment. 
The crystallite size was of the order of 0.5 micron, 
as was the spacing between the lines of growth. The 
oxide was oriented as was shown in the reflection 
electron-diffraction pattern. Except for the size of 
the crystallites and their spacing, the oxidation 
process was very similar to that noted at 850°C. 
This is in contrast to the results of Bardolle and 
Bénard’® who found no structure by the light micro- 
scope. This may be a result of the limitations im- 
posed by the resolving power of the light micro- 
scope. 

Reaction at 10° mm of Hg of Oxygen and 650°C: 
Figs. 2a and 2b show the results. Again a similar 
pattern of oxidation was found as compared with 
that for the higher temperatures. However, the 
crystal size and the spacing of the lines of growth 
were smaller than for the higher temperatures. One 
unusual feature of the surface-replica micrograph 
was the circular growth pattern around inclusions in 


Fig. 5—Oxidation of Armco iron. Net weight gain was 5.60 micrograms per sq cm, at 850°C for 5 min. Pressure was 2x10" to 4x10‘ mm 
Hg. a, b, c, and d are electron micrographs of stripped oxide film. X2000. Area reduced approximately 30 pct for reproduction. 


SEPTEMBER 1954, JOURNAL OF METALS—1031 


ve 
. 


Sar 


a—Electron micrograph of b—Electron micrograph of 
stripped oxide film. X2000. Area stripped oxide film. X2000. Area 
reduced approximately 30 pct reduced approximately 30 pct 
for reproduction. for reproduction. 


c—Electron micrograph of d—Electron micrograph of 
stripped oxide film. X2000. Area stripped oxide film. X18,500. Area 
reduced approximately 30 pct reduced approximately 30 pct 
for reproduction. for reproduction. 


ki Fig. 6—Oxidation of Armco iron. Net weight gain was 5.60 micrograms per sq cm, at 850°C for 5 min. Pressure was 2x10° to 4x10* mm Hg. 


the metal. This circular growth pattern may be re- 
lated to residual strains in the metal grain around 
the inclusion. 

To bring out further details of the oxide film, 
studies were made at a higher magnification. Figs. 
3a and 3b show the results for the 650°C experi- 
ment. It was found that a thin oxide film of smaller 
crystallites existed between the larger crystals. The 
size of the smaller crystals is of the order of several 
hundred Angstroms. 

Oxidation of Puron 650° to 850°C, 10° mm Hg of 
Oxygen—tThis group of experiments was made to 
study the crystal habit of the oxide film developed 
during a later stage of oxidation than was studied 
in the previous section. The quantity of oxygen 
was limited so that the average thickness of the 
oxide film was in the range of 1200 to 4200A. A 
summary of the results is shown in Table IV and 
Fig. 4. Again the reaction with oxygen was rapid. 

Thick colored oxide films were formed. These films 
were nearly uniform in thickness over a given crys- 
tal face and they were difficult to penetrate with the 
electron beam. Electron-diffraction studies indicat- 
ed the crystal structure to be Fe,O,, although FeO 
undoubtedly was the oxide originally formed for 
reasons already discussed. Highly oriented films 
formed as can be seen from the electron-diffraction 
pattern of Fig. 4a. Estimates were made of the 
crystal size. At 650°C the crystal size was of the 
order of 0.5 micron, while at 850°C the crystal size 
was of the order of one micron. 

No evidence was observed for the surface-oxide 
‘carbon reaction or for solution of the oxide in the 
metal. It was concluded that in these experiments 
a stage in the oxidation reaction had been reached 
in which a uniformly thick and well oriented oxide 


film was formed. The spacing of the crystals was 
that originally observed in the previous stage of 
oxidation. The net result of the additional oxidation 
was the filling in of the oxide pattern originally set 
by the lines of growth. 

Oxidation of Armco Iron 850°C—These experi- 
ments were made to study the effect of a larger 
carbon content on the crystal habit of the oxide 
film developed in the early stages of the oxidation 
reaction. The results are shown in Table V and Figs. 
5 to 10. The amount of oxygen was limited, so the 
total oxide film was in the range of 392 to 1710A 
in average thickness. 

The reaction with oxygen was as rapid as the 
oxidation of Puron. If the process was stopped after 
the initial rapid reaction, the oxidation itself could 
be studied. However, if the experiment was con- 
tinued at low oxygen pressure or in high vacuum, 
the surface oxide reacted with carbon in solid solu- 
tion to form CO and the metal. The experiments 
summarized in Table V were made to study both the 
oxidation and the surface oxide-carbon reaction. 

Figs. 5 and 6 show the discontinuous manner in 
which oxidation occurred on Armco iron. The struc- 
ture of the oxide film and its relationship to the 
substructure of the metal grain was the same as that 
found in the oxidation of Puron. However, even for 
as short an oxidation period as 5 min, Fig. 6c shows 
evidence for reaction of the oxide film with carbide 
inclusions, while Fig. 6d shows the reaction of the 
oxide crystals with carbon in solution in the metal. 
Electron-diffraction studies showed the oxide to be 
Fe,O.. 

Experiments 23 and 24 of Table V were made to 
study the surface oxide-carbon reaction. The vacu- 
um-microbalance studies indicated overall losses in 


Experi- 
ment, Ne., 


Average 
Thick- 


Wt Gain, 
Time, 10-¢* Grams per 
c 


Pressure, 
Mm of Hg 


Blue gray 
Blue gray 
Bright blue 
spots 
Bright black 


spots 
Bright 


Bright 


Table V. Oxidation of Armco Iron at 850°C and 2x10° to 10° Mm Hg (Volume of System 


Blue gray 


3 Liters) 


Crystal- 
lite Size, 
Microns 


Compe- 
sition 


Remarks 

No oxide reduc- 
tion 

No oxide reduc- 
tion 

Held in vacuum 
50 min 

Partial oxide 
reduction 

360 min vacuum. 
Oxide partially 
reduced 

360 min vacuum. 
Oxide partially 
reduced 

Oxide partially 
reduced 
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— 
ness, A Celer tien 
22 4x10-* 5 10.36 735 FesOs Some 1 
18 30 244 1710 FesO. Some 1 
23 4x10" 180 FesO. Some 1 
a4 4x10-4 5 Loss, Some 1 
4.60 
25 2x10-4 Loss, ton Some 
1.90 
20 180 FesO. Some 1 


a—Transmission  elec- 
tron-diffraction pattern. 


Fig. 7—Oxidati bseq 


b—Electron micrograph 
of stripped oxide film. 
X2000. 


t decarburization of Armco iron. Weight gain 


was 12.12 micrograms per sq cm, and then a loss of 2.31 micrograms per sq cm. 
850°C for 3 hr. Pressure was 4x10 to 1.2x10° mm Hg. 


weight. This is due to the fact that, for each 16 
grams of oxygen reacted, 28 grams of CO can form. 
Colored oxide films would be expected for the 
amount of oxygen reacted. Instead, bright metal 
surfaces were observed with some grains showing 
dark spots of oxide. This suggests that the surface 
oxide-carbon reaction is only partly complete. 

The electron-diffraction and electron-optical re- 
sults are shown in Fig. 7. The electron-diffraction 
pattern shows a well-oriented oxide film, while the 
electron micrograph shows, Fig. 7b, that the oxide 
crystallites on one grain of the metal were largely 
reduced by the carbon while the reaction was pro- 
ceeding on the other grains. Fig. 8 shows addi- 
tional electron micrographs of stripped oxide films 
showing the reduction reaction on various metal 
grains. 

Fig. 8c shows the residual structures on the metal 
grains in experiment 23 for those metal grains on 
which the oxide had been largely reduced. It is of 
interest to note that Fig. 8b shows the residual 
structures to have a “nucleus” in the center of the 
crystal. Also the residual structures appeared to 
form at right angles to the original lines of oxida- 
tion as is observed in Fig. 8c. 

Fig. 8c also shows the metal to have a residual 
structure after oxidizing and followed by reduction 
of the surface oxide by carbon in solution. This 
structure follows the original lines of growth of the 
original oxide. This residual growth resulted from 
one or both of two processes: 1—The rate of transfer 


of metal to the oxide in the oxidation process was 
not uniform, especially at the oxide crystal bound- 
aries, and after reduction of the oxide, the metal 
gave a replica structure of the original oxide crys- 
tals. 2—The reduction of the oxide by carbon was 
not uniform, and different amounts of iron were 
deposited at the original oxide grain boundaries 
than under the oxide crystal. The Parlodion film 
used in making the stripped oxide film retained the 
structure of the original iron although the iron it- 
self was dissolved away during the electrochemical 
action. 

Fig. 9 shows the results for experiment 24. The 
optical micrograph in Fig. 9a shows a partial reduc- 
tion of the surface. The dark zones of the light 
micrograph show unreduced oxide. In Fig. 9b the 
low magnification electron micrograph of the 
stripped oxide shows the progression of the reaction. 
Electron diffraction shows only a small amount of 
oriented material and a large proportion of un- 
oriented Fe,O,. 

Fig. 10 shows the results of the surface oxide- 
carbon reaction in which the reaction approached 
completion. This is shown in light and electron mi- 
crographs. The transmission electron-diffraction 
pattern shows some oriented Fe,O, crystals in a 
larger amount of unoriented Fe,O, crystals. 

It was concluded from this set of experiments that 
the oxidation of Armco iron is similar to that for 
Puron with a nonuniform oxide film being formed 
in an oriented manner. However, the carbon in the 


Fig. 8—Oxidation and subsequent decarburization of Armco iron. Weight gain was 12.12 micrograms per sq cm, then a 
loss of 2.31 micrograms per sq cm. 850°C for 3 hr. Pressure was 4x10“ to 1.2x10° mm Hg. a, b, and c are electron micro- 
graphs of stripped oxide film, showing residual structure after decarburization. X2000. 
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b—Electron micrograph 
of stripped oxide film. 
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Fig. 9—Oxidation and subsequent decarburization of Armco iron. Weight gain 


was 14.21 micrograms per sq cm, then a loss of 4.60 micrograms per sq cm. 
850°C for 5 min. Pressure wos 4x10" to 3x10 mm Hg, and then a vacuum of 


10°° mm Hg for 6 hr. 


o—Optical micrograph. 
X290. 


Fig. 10—Oxidation and subsequent decarburization of Armco iron. Weight gain 


b—Electron micrograph 
of stripped oxide film. 
X2000. 


was, initially, 4.47 micrograms per sq cm, and then a loss of 6.08 micrograms per 


Armco iron reacts readily with the surface oxide 
leaving a nearly clean metal surface with some un- 
determined residual material. 

Orientation and Relationships—The orientation of 
FeO on a-Fe has been studied by Mehl and McCand- 
less,” Gulbransen and Ruka,” and Bardolle and 
Bénard.” All of the results suggested that the cube 
plane of FeO grows on the cube plane of a-Fe, while 
the (100) direction of the oxide lies parallel to the 
(110) direction in the metal. 

Oxidation Mechanism at Low Pressures and High 
Temperatures—Fig. 11 shows the authors’ concep- 
tion of the initial stages of the oxidation reaction. 
The structure of the initial stages involving the first 
few layers cannot be studied easily. The point- 
emission electron microscope may have certain pos- 
sibilities in this direction. It may be postulated that 
the first step involves a chemi-sorbed layer of oxy- 
gen atoms. This would be a very transitory stage 
at 850°C with the quantity of oxygen available. As 
the reaction continues to a thickness of 100A, the 
formation of a film consisting of small oxide crys- 
tallites of the order of the thickness of the oxide film 
was postulated. The next stage of oxidation appears 
from this study to be nucleation and growth of much 
larger crystals along certain lines of the metal grain. 
Along these lines a lower free-energy barrier ap- 
pears to exist for the formation and growth of new 
oxide crystals. 

The properties of these lines of growth suggest 
that they represent a substructure of the metal 
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sq cm. 850°C for 3 hr. Pressure was 2x10° to 1.3x10° mm Hg. 


GROWTH 


LARGE OXIDE 
CRYSTALS 
ORIENTED 


Fig. 11—Authors’ postulation of oxidation mechanism. a—Adsorbed 
oxygen film. b—Fine mosaic structure of crystals. c—Nucleation 
of large crystals. d—Uniform oxide layer appears. 


grain. This substructure may be related to minor 
strains, slip planes, lines of dislocations, or inclu- 
sions in the metal grain. These lines are not brought 
out by the electropolishing procedures used in pre- 
paring the specimens. 

These new oxide crystallites are well oriented to 
the structure of the metal grain. As oxidation con- 
tinues, further crystals are formed which fill in the 
spaces between the crystals already present. This 
is shown as siep d in Fig. 11. Finally, a uniform 
and oriented oxide film is formed. 

The presence of lines of growth in the oxide sug- 
gests that the previous history of the metal has a 
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major influence on the crystal habit of the oxide. 
This may be the subject of a future paper. 


Conclusion 

Useful information can be obtained on the growth 
of oxide films at high temperature from a study of 
the crystal habit and structure of the oxide film. 
These films are formed by reaction with limited 
quantities of oxygen at low pressures. 

Electrochemical-stripping techniques were used 
to remove the oxide layer from the oxidized samples 
of highly annealed and electropolished iron. These 
samples were then studied in the electron-diffrac- 
tion camera and electron microscope. 

Several stages in the oxide-growth process were 
studied over the temperature range of 650° to 850°C 
using different amounts of oxygen at low pressures. 

The results suggest that the initial stage of oxida- 
tion involves the formation of a thin uniform layer 
of small oxide crystallites. This was rapidly fol- 
lowed by the formation of much larger oxide crys- 
tals along certain parallel and regularly spaced lines 
on the metal grain. As oxidation continues, the oxide 
crystals grow, and new crystals form filling the re- 
maining area of the metal. This results in the for- 
mation of a uniform mosaic of large oxide crystals. 

The origin of the lines of growth of the oxide 
crystals on the metal has not been demonstrated. 
These lines appear to be related to the substructure 
of the particular metal grain and are probably lines 
of minor strains from slip planes, lines of disloca- 
tions, and inclusions which were formed during or 
after the annealing or recrystallization process. 


For iron containing an appreciable quantity of car- 
bon, the oxide film was found to react rapidly with 
carbon in solution under high vacuum conditions in 
the iron leaving a bright metal surface. The resi- 
dual iron shows an interesting substructure which is 
related either to the process of formation of the 
oxide or to the reducing action of the carbon. 
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Self-Diffusivity Along Edge-Dislocation Singular Lines in Silver 


by A. A. Hendrickson and E. S. Machlin 


Use was made of a recently developed surface-accumulation diffusion technique 


to measure the self-diffusivity of edge-type dislocation singular lines (Burgers 
vector along <110>) in a bent and polygonized single crystal of silver. Two factors 


are involved in obtaining a number for the diffusivity. 


ne factor, the dislocation- 


line density, was measured by a microscopic technique recently developed, and the 
value of the other parameter, the effective “diameter” of a dislocation pipe, was 
estimated. With these parameters equal to 7.3x10° dislocations per sq cm and 10° 
cm, respectively, it was found that the self-diffusivity along edge-type dislocation 
lines was a factor of about two times the average grain-boundary self-diffusivity. 
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The dislocation-pipe diffusivity is about 7x10" sq cm per sec at 450°C. 


HE possibility of short-circuit diffusion through 

imperfections in crystals has been reccgnized 
for some time. It was only recently, however, that 
concerted effort has been expended to obtain values 
of diffusivity for grain-boundary short circuits. The 
work, for example, of Hoffman and Turnbull’ on 
silver, Fisher’s* analysis of the grain-boundary dif- 
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Fig. 1—Contact autoradiographs showing grain boundaries. X2. 


b—From same surface as used in a after removal of 0.0005 in. 
from surface. 


fusivity problem, and Achter and Smoluchowski’s* 
measurements on columnar-boundary diffusivity of 
Ag in Cu and Cu in Ag have been performed in the 
last few years. One of the interesting results of the 
latter group of authors was a conclusion that the dif- 
fusivity along small-angle boundaries rapidly de- 
creased to zero as the disorientation was reduced 
below 20°. This result implied that the diffusivity 
along single <100> edge-dislocation lines was very 
much smaller than the average grain-boundary dif- 
fusivity and also concomitantly implied a difference 
in the structure of the grain-boundary transition 
region below and above a 20° disorientation. Be- 
cause this result is important as a basis for building 
a model of grain boundaries, and because values of 
short-circuit diffusivities are intrinsically valuable, 
it was decided to measure self-diffusivity along 
edge-dislocation lines by an independent method. 


Experimental Method 

A surface-accumulation technique was developed 
to increase the sensitivity of detecting diffusion 
through short-circuit paths, such as dislocation pipes 
and grain boundaries. The principle of the method 
is to allow the atoms which diffuse through the pipes 
to collect at the exit end of the pipes. An enhanced 
sensitivity is obtained as a consequence of the fact 
that the ease of diffusion through the pipe is much 
greater than it is normal to the pipe through the 
lattice walls. The number of active atoms collected 
at the end of the pipe is much greater than the num- 
ber collected in the wall of a typical section involved 
in the sectioning technique. In order for the tech- 
nique to work, certain conditions must be met. The 
total pipe length must be short enough to allow a 
steady-state concentration gradient to be set up in a 
time that is short compared to the diffusion interval. 
The temperature must be low enough to allow the 
atoms reaching the accumulator surface through the 
pipes to stay within a few hundred atom lengths of 
this surface and to prevent all but a negligible num- 
ber of active atoms from reaching this surface by 
lattice diffusion. The surface diffusivity must be 
larger than the dislocation-pipe diffusivity to pre- 
vent more than a limited build up in the concentra- 
tion of active atoms at the pipe outlet. 

Because the active atom in this series of measure- 
ments was Ag,», and because the radiation from Agi. 
involves 8, y, and X radiation, it was deemed advis- 
able to measure the amount of surface accumulation 
by a difference technique. Specifically, the differ- 
ence between the activity before and after removing 
a 0.0001 in. layer from the accumulator surface was 
set equal to the activity from active atoms that dif- 
fused through the short-circuit paths to this surface. 
With other radioactive atoms that involve K§ alone, 
the total activity should be due to the surface-accu- 
mulated atoms because of the high absorption of this 
radiation by metals. 
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Dislocation pipes were produced in a single crystal 
of 99.9 pet Ag by bending the crystal about a <112> 
axis. The radius of bend was 4 cm. Two slip planes 
were involved in the bending process. The crystal 
was annealed according to the following schedule: 
at 250°C for 1 hr; at 350°C for 1 hr; at 450°C for 1 
hr; and 550°C for 4 hr. Wafers, 0.012 in. thick, were 
cut from the bent cystal normal to the bend axis 
(diffusion direction supposedly parallel to the edge- 
dislocation lines produced in bending.) A microsaw 
(with a blade thickness of 0.005 in.) was used to cut 
the wafers in order to minimize distortion. These 
wafers then were electropolished to a thickness of 
0.008 in. (0.02 cm). 

Radioactive Ag,», in an original concentration of 
about 2.44x10° active atoms per atom of Ag in the 
solution (19.5 grams AgCl, 27.5 grams KCN, 19.5 
grams K.CO,, and 500 ml H,O), was plated onto an 
unmasked center circle on one side of each of the 
specimens (area of 0.05 sq in.) to give an active 
plated layer about 0.001 in. thick. The specimens 
were then cleaned in acetone to remove the lacquer 
used to mask the unplated areas. A fine wire was 
cemented to the accumulator side of each wafer 
(opposite to the side plated with Ag,,,). After dry- 
ing, the accumulator side was covered with a cya- 
nide-resistant lacquer. Nonradioactive silver was 
then plated over the Ag,,, deposit to prevent short- 
circuit diffusion paths to the accumulator side except 
through the imperfections in the thin wafer. The 
dimensions of the overplate were controlled to make 
extraneous diffusion paths at least four times as 
long as the diffusion path through the dislocation 
lines. It was found that a dense overplate could be 
applied by plating at very low-current densities 
(5 ma per sq in.) with solution agitation by stirring. 
The specimens then were heated slightly in a dy- 
namic vacuum of 10° mm Hg for 4 hr to remove 
gases entrapped during overplating. The diffusion 
cycle was carried out for 22,500 sec at 450°C in an 
atmosphere of argon. 


Experimental Observations 


A large-grained polycrystalline wafer was cut 
from a slowly cooled unsuccessful “single-crystal” 
specimen. Undoubtedly, the grains in this specimen 
are not randomly oriented. An autoradiograph 
taken from the accumulator surface is shown in Fig. 
1. The outline of the grain boundaries corresponds 
to that which was observed metallographically. That 
the radioactivity comes from a thin layer of radio- 
active atoms that have diffused through the grain 
boundaries and outwards along the surface was 
demonstrated by means of another autoradiograph 


b—Normal light. 


Fig. 2—Thermal etch pits at dislocations. Plane of specimen 
is normal to bend axis. X420. 


o—Polarized light. 
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Table |. Primary Data for Use with Eq. 1 


Bent Single 
Polycrystal Crystal 

I, 0.86 0.585 Counts per min 
To 350 Counts per min 
v 3.5x10-4 3.5x10 Cm 

h 0.02 0 Cm 

2x5 7.3x10°§ Sq cm 

t 22,500 Sec 

tot os 30 ew 30 Sec 


* The value of 2 was estimated from the grain size; the value of 
7.3x10° was measured by counting the number of thermal etch pits 
according to a technique developed by the authors. 

t te was estimated using 5x10-' sq cm per sec as a value of D for 
grain-boundary diffusivity at 450°C. 


taken after abrading away 0.0005 in. from the accu- 
mulator surface. As shown in Fig. 1b, only a few of 
the grain boundaries are scarcely visible after this 
treatment. Also, the grain boundaries become in- 
visible even if the autoradiograph is made 0.0025 
in. from the initial radioactive plate-wafer inter- 
face. This observation demonstrates the high sensi- 
tivity of the surface-accumulation technique which 
depends on the ratio of the effective surface diffu- 
sivity to lattice diffusivity. Thus, grain-boundary 
diffusivities and the like can be measured at lower 
temperatures for a given time than with other avail- 
able techniques. 

Another measurement which demonstrates the ex- 
istence of surface accumulation was made after 
removing, by abrasion, sufficient material from the 
active plated side to leave a wafer 0.0038 in. thick, 
i.e., the lattice diffused layer was removed. A count 
was taken from both sides of the wafer. The sur- 
face-accumulator side produced 0.85 counts per min 
as compared to 0.64 counts per min from the oppo- 
site side. It should be noted that the smaller count 
came from the side closest to the original high-con- 
centration plate! This experiment, which was re- 
peated with polycrystals as well as bent single 
crystals, demonstrates the existence of surface 
accumulation. 


Measurement of Diffusivity 

If the conditions outlined in a previous section are 
met, the boundary conditions may be approximated 
as follows: at X = 0, C = C, for all time; for t = t,, 
at X = h (0.02 cm), C = C, ~ 0, and for all X, 
dC/dX = C./h. Thus, the total number of active 
atoms that reach the accumulator surface through 
short-circuit paths is given by 


J, h 


where C, is the number of active atoms per unit 
volume in radioactive plate, A is the area of short- 
circuit paths per unit area normal to diffusion direc- 
tion, D is the diffusivity through short-circuit path, 
h is the thickness of wafer, t is the total diffusion 
time, and ¢t, is approximately the time required to 
set up the constant gradient. 

Now the activity, for a constant geormetry of the 
counting set-up, is proportional to the total number 
of atoms contributing unabsorbed radiation to the 
count. The initial concentration C, thus may be 
expressed in terms of an intensity of count I,, from 
unit area of plate of thickness y, using the same 
plating solution as for the diffusion run. The same 
constant of proportionality holds for the intensity 
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from the surface-accumulated atoms. Thus, the 


final equation for the diffusivity becomes 
D=I,yh/I, A (t—t). {1] 


The data to be substituted in Eq. 1 are presented 
in Table I. Using Hoffman and Turnbull’s value for 
grain-boundary diffusivity and a value of X/\/Dt 
of about 5, t, is estimated to be about 30 sec. A 
separate measurement of the number of dislocation 
pipes per sq cm was made using a thermal-etching 
technique recently developed by the authors.’ In 
this technique, after careful electropolishing in a 
cyanide solution and thorough washing with alco- 
hol, the specimen is held at 600°C under a partial 
pressure of oxygen of 0.1 atm for 10 min. The etch 
pits developed have been shown to be locations of 
intersections of dislocations with the surface.’ Fig. 2 
shows the pattern of etch pits for the diffusion 
specimen. The number of pits counted, 7.3x10° per 
sq cm, can be compared with the number predicted 
using an equation given by Cottrell,’ ie. 


rb 4x2.88x10~ 

where r is the radius of bend, cm, and b is the 
Burgers vector of dislocation, cm. The excellent 
agreement between the measured and predicted 
values is consistent with the authors’ experience 
with this technique. Variation in the radius of bend 
by two orders of magnitude, which according to the 
equation should vary the density of dislocations by 
two orders of magnitude, has given a corresponding 
variation of two orders of magnitude in the density 
of etch pits developed by the thermal-etching tech- 
nique.” Thus, the etch-pit technique is believed to 
give a faithful representation of the dislocation 
density and distribution. 

With the data of Table I, and an estimated value 
of § = 10° cm, for grain-boundary thickness or dis- 
location-pipe diameter, the calculated values of 
grain-boundary and dislocation-pipe diffusivity are 
as follows: 

Grain-boundary diffusivity (450°C) is 4x10” sq cm 
per sec, and dislocation-pipe diffusivity (450°C) is 
7x10" sq cm per sec. 

It appears that the authors’ data contradict the 
conclusions of Smoluchowski and coworkers** and 
are in agreement with the recent results of Hoffman 
and Turnbull.’ That is, the edge-type dislocation- 
pipe diffusivity is at least as large as that for large- 
angle grain boundaries and probably is larger than 
the latter. 


== 8.7x10° per sq cm 
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High Pressure Oxidation of Metals: Tantalum in Oxygen 


by Robert C. Peterson, W. Martin Fassell, Jr., and Milton E. Wadsworth 


The temperature and pressure dependence of the reaction of 
tantalum in oxygen were investigated from 500° to 1000°C at pres- 
sures from 10 mm Hg to 600 psi total oxygen pressure. Tantalum 
was found to oxidize linearly under the above conditions. Three 
distinct regions of temperature dependence were found with differ- 
ent energies of activation. From 500° to 600°C the rate of oxidation 
of pectelon was found to be essentially independent of the oxygen 
pressure at the pressure investigated. The oxidation rate increases 
rapidly with an increase in pressure from 600° to 800°C. The de- 
pendence of the oxidation rate on the bulk concentration may be 
expressed by V = k’é, where k’ is the specific rate constant and 
kiCo_), where k, is the equilibrium constant for 


the adsorption of oxygen on tantalum. 


NLY a limited amount of data has been pre- 

sented in the literature on the oxidation be- 
havior of tantalum metal. Some values of its oxida- 
tion rate were reported in the Corrosion Handbook’ 
and by McAdams and Geil.’ 

The first extensive investigation of tantalum was 
the work of Gulbransen and Andrews." They deter- 
mined the reaction rates of tantalum in O, and N,. 
Their results indicate that this metal follows the 
parabolic law in the temperature range of 250° to 
450°C in O, at pressures of 7.6 cm Hg with an acti- 
vation energy of 27,400 cal per mol. In nitrogen, 
the metal follows the parabolic law from 500° to 
800°C at 7.6 cm pressure. All experimental deter- 
minations were of 2 hr or less duration and devia- 
tions from the parabolic rate conceivably could 
occur at longer times. 

A spectrophotometric study of the oxidation of 
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tantalum by Waber, Sturdy, Wise, and Tipton‘ in- 
dicated good agreement between this method and 
the microbalance technique. The experiments were 
conducted in air from 220° to 350°C. The metal was 
found to follow the logarithmic law up to 320°C and 
the parabolic law at higher temperatures. The 
activation energies in the logarithmic region were 
reported as 12.57 kcal per mol and 12.0 kcal per mol, 
respectively, for the microgravimetric and spectro- 
photometric methods. In the parabolic region the 
activation energy was found to be 27.2 kcal per mol, 
in good agreement with the value of Gulbransen 
and Andrews." 

The present paper is concerned with the behavior 
of tantalum from 500° to 1000°C in oxygen at 
pressures ranging from % to 40.8 atm pressure. 

Earlier preliminary data by McKewan"" indicated 
the following facts concerning the behavior of tan- 
talurn: 1—At temperatures from 500° to 600°C, the 
metal followed the linear law. 2—At 575°C the rate 
of oxidation was found to increase with O, pressure. 
3—The Arrhenius plot in this temperature region 
was nonlinear. 

The nonlinearity of the Arrhenius plot was indica- 
tive of a more complex behavior than originally 
suspected for this metal. 
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Fig. 1—High pressure oxidation furnaces. 


Equipment 

The equipment used in this investigation is an 
improved design of that reported in a previous 
paper.” The general arrangement of the equipment 
is shown in Fig. 1. Fig. 2 shows a cross section of 
the furnace used to measure the oxidation rates of 
metals at high pressures. Since the cross-sectional 
drawing is rather complete and a detailed descrip- 
tion has been given previously,” some of the less 
obvious details only will be mentioned. The sec- 
tional arrangement of the furnace allows easy re- 
placement of any of the component parts. The most 
frequent failures are the heating elements and 
thermocouples. The heating unit consists of a 1 in. 
ID Alundum core (Norton No. 11756), 23 in. long. 
The core is wound with three separate windings 
individually controlled. The temperature of the cen- 
ter winding (M in Fig. 2) is automatically controlled 
by a Leeds and Northrup Micromax control system 
which adjusts the power input from a 15 amp 
powerstat. The upper and lower guard rings, N, are 
controlled manually by similar powerstats. 

The guard ring heating elements, N, overlap the 
end sections of M by about 1% in. The overlapped 
section is backed off 3/16 in. from the controlled 
section by short sectors of a similar Alundum core. 
This arrangement has been found to give a very 
uniform temperature over a 4 in. length in the tube. 
Four thermocouples, T, are used. The upper and 
lower thermocouples in winding, M, are used to ad- 
just the power input to the guard rings, N. One of 
the center thermocouples controls the winding tem- 
perature and the other is used exclusively to meas- 
ure the sample temperature. This couple is shie!ded 
by a parabolic Alundum shield so that it effectively 
“looks” only at the sample, as shown in Fig. 3. 

Temperature checks using very fine thermo- 
couple wire welded directly to the metal samples 
show the true sample temperature to be within 
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+1°C of the measured sample temperature at 700°C. 
The thermocouple leads, S, through the furnace 
shell are modified No. 18 spark plugs. The center 
electrode was removed and replaced with the ap- 
propriate metal or alloy to prevent junction error. 
Thermal insulation becomes a very serious diffi- 
culty at higher pressures (above 300 psi). This is 
apparently due to the increased thermal conduc- 
tivity of the oxygen. At pressures above 600 psi, 
water cooling must be used on the exterior shell. 
Originally, teflon gaskets were used. Two failures 
occurred. While the reason is not known, teflon 
apparently decomposes rapidly to gaseous products 
at 80° to 100°C in oxygen at 500 to 600 psi. It 
should, therefore, be used with extreme caution 
under these conditions. Garlock “900” gaskets 
(compressed asbestos) have been successfully sub- 
stituted in all regions where the temperature is 
above 35°C. 


Experimental Procedure 

The tantalum metal samples, 1.5x0.5 in., used 
were cut from 5 mil sheet. A 3/32 in. hole was 
punched near one end for the quartz suspension 
hook. Spectrographic analysis of the metal indi- 
cated trace amounts of copper and silicon (0.005 pct 
Cu and Si). No analyses were made for carbon, 
oxygen, or nitrogen. Prior to oxidation, the samples 
were abraded lightly with 8/0 garnet paper, washed 
in acetone, and dried. The apparent geometric area 
was determined and the sample weighed. The sam- 
ple was then placed on the quartz hook, H, raised 
into the lower section of the equipment (section im- 
mediately above V by A). The reloading port V was 
closed and bolted into place. The unit was then 
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Fig. 2—Cross section of the high pressure oxidation furnace. 
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Fig. 3—Schematic ar- 
rangement of sample 
thermocouple and 
shield. 


evacuated to 7 mm pressure, pressurized to 30 psi 
O,, re-evacuated, and filled to the desired pressure. 
The oxygen used was tank O, containing 99.8 pct O., 
the balance being argon and nitrogen. The O, was 
dried over anhydrous CaSO,,. 

The final temperature adjustments were made; 
and when the three thermocouples indicated a uni- 
form temperature, the sample was raised into posi- 
tion. Due to the oscillations of the quartz spring 
balance, approximately 90 to 120 sec elapsed before 
the first reading could be made. Deflection readings 
were subsequently taken at appropriate time inter- 
vals, depending on the rate of the reaction. The 
present equipment can detect weight changes of 0.02 
to 0.04 mg, depending on the spring constant of the 
quartz balance. 


Experimental Results 

The results to be described are based on the ex- 
perimental observations of over 200 tantalum sam- 
ples in oxygen from 500° to 1000°C at absolute 
oxygen pressures from 10 mm Hg to 40.8 atm (600 
psi). Typical curves showing the deflection of the 
quartz spring balance vs time are shown in Figs. 4 
and 5. (Wt gained deflection in in. * spring con- 
stant.) Fig. 4 shows a pronounced deviation from 
linearity during the first period of oxidation. This 
effect is not due to a temperature lag in the sample, 
but has a possible true significance, as will be dis- 
cussed later. 

Fig. 6 shows the typical behavior of tantalum at 
various pressures and temperatures. 

At all temperatures and pressures investigated, 
tantalum was found to oxidize according to the 
linear mechanism. Figs. 7 to 13 show the experi- 
mental and calculated rates of oxidation at constant 
temperature at various pressures. The methods of 
calculation of the theoretical curves is discussed in 
the theoretical section. The general nature of the 
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Fig. 4—Oxidation of Tantalum in O, at 550°C, 110 psi. 
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curves immediately suggest Langmuir-type adsorp- 
tion of oxygen. At this point it should be mentioned 
that the universal method in oxidation-rate studies 
of reporting pressure effects has been in terms of O, 
pressure or partial pressure. While the concentra- 
tion is proportional to the partial pressure of oxy- 
gen at constant temperature, no direct comparison 
can be made from one temperature to another unless 
the true concentration of oxygen is considered. If 
adsorption of O, on the reacting surface is involved 
in the reaction, the use of absolute O, concentra- 
tions is imperative. 


Discussion of Results 

The experimental results presented above clearly 
demonstrate the following facts concerning the oxi- 
dation characteristics of tantalum: 1—Tantalum 
oxidizes linearly from 500° to 1000°C at all pres- 
sures investigated. 2—From 600° to 800°C the oxi- 
dation rate of tantalum shows a pronounced increase 
in rate with oxygen pressures above % atm. 3-—At 
any one temperature from 550° to 800°C, the rate of 
oxidation approaches a limiting rate as the pressure 
is increased. 4—The Arrhenius plot in Fig. 14 indi- 
cates the possibility of three complex rate-deter- 
mining processes. 

Some question exists as to the oxide present on 
tantalum after oxidation. The question of the struc- 
ture of Ta,O, is of current interest and has been in- 
vestigated in part by Vermlyea’ and Wasilewski.” 
The oxide formed was extremely adherent, resem- 
bling the general texture and color of an egg shell. 
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Fig. 5—Typical oxidation rate curves of tantalum in oxygen. 


Fig. 6—Oxidation rate of tantalum in oxygen at various pressures 
and temperatures. 
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Fig. 7—Oxidation rate of tantalum vs O, pressure at 550°C. 


If the reaction was stopped before more than two- 
thirds of the metal was consumed, it was virtually 
impossible to remove the film from the metal sub- 
strate. This film is extremely porous, however. 
Large dye molecules penetrate the film of oxide in- 
stantly, indicating that the pores present offer virtu- 
ally no resistance to the inward diffusion of oxygen 
molecules. 

The thick films of the tantalum oxide formed 
were examined on a Phillips North American X-ray 
spectrometer with Cu Ka radiation and Ni filters. 
The d values obtained under various conditions are 
summarized in Table I. 

The results in Table I indicate that the thick oxide 
films on tantalum metal under the conditions present 
are essentially Ta,O,. The shift in the d values at 
various temperatures of film formation are sugges- 
tive of a transformation of some type in the oxide 
structure. At temperatures from 800° to 1000°C, 
however, the d values remain relatively constant. 
While further work is necessary on this oxide to es- 
tablish its crystallographic character, the observed d 
values and their shift indicate the possible correla- 
tion between the oxidation rate and the nature of the 
film formed. This is especially true at 800°C. 

The question of the solubility of oxygen in the 
tantalum lattice also must be considered. The effect 
of solubility in oxidation is essentially one of a com- 
parison of the rate of diffusion inward through the 
metal by oxygen and the rate of reaction at the 
surface by the metal atoms to form the oxide. Since 
no data are available concerning the rate of solution 
of O, in tantalum, no quantitative results can be 
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ig. 8—Oxidation rate of tantalum vs O» pressure at 600°C. 


9 


—— TREORETICAL 


C) exrermentar 


200 309 400 


Oxidation Rote (mg cm? hr") 
5 


Oxygen Pressure psi 


Fig. 9—Oxidation rate of tantalum vs O. pressure at 625°C. 


given. However, the metal underlying the oxide at 
the end of an experiment was reasonably ductile 
and could be bent without fracturing, suggesting 
that there was a negligible amount of O, dissolved 
in the lattice. Since the oxidation rate was rapid 
under the imposed conditions, it appears likely that 
oxygen solution in the metal has a minor effect. 

In addition, it was recently shown by Seybolt and 
Sumsion" that for vanadium it was necessary to in- 
troduce O, slowly at a low pressure in order to obtain 
solution of oxygen in the metal. 


Theoretical 
Essentially, the linear oxidation of metals may be 
considered as a special case of a heterogeneous, gas- 
solid reaction, since the metal oxide film is porous to 


Table |. Comparison of interplanar Spacings of the Oxide Films Formed on Tantalum Metal 


General 
Electric 
Research 
Laboratory® 


d Values, Cu K. Radiation, Ni Filter; Temperature of Oxidation of Ta in O, in °C 


** Strong + Weak tt Very Weak 


* Medium 
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| 
2 | 20 O ° 
| | | | 
| | 
4 
100 500 600 
Gat 
3.882°* 3.850° 3.867° 3.867° 3.883° 3 3.74°° 
3.149°° 3.132°* 3.143°° 3.153°* 3.153°* 3 
3.092° 3 3.34° 
2.449°* 2.436° 2.442° 2.442° 2 2.44° 
2.420° 2.429° 2.027t+ 2.031tt 2 
1.939° 1.929t+ 1.937tt 1.941tt 1.941tt 1 t 
1.829° 1.821° 1.827° 1.831° 1 
1.793° 1.791° 1 
1.654°* 1.642+ 1.647+ 1.642¢ 1.653t 1.655+ 1,653 1, 
1.644*+ 1) 
1.628° 
1.573° 1.573tt 1.578+ 1.491 
1.544°+ 
1.474tt 
1.459° 1.455 
1.438¢+ 
SEPTEMBER 1954, JOURNAL OF METALS—1041 


° 


| —— 


| © 


Oxidotion Rete img ar’) 


400 


| 
0 100 200 300 
Oxygen Pressure psi. 
Fig. 10—Oxidation rate of tantalum vs O, pressure at 655°C. 
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Fig. 11—Oxidation rate of tantalum vs O. pressure at 675°C. 
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Fig. 12—Oxidation rate of tantalum vs O. pressure at 700°C. 


the reacting gas species. The generalized mechan- 
ism for such a surface reaction involves the follow- 
ing consecutive steps:” 1—diffusion of gas molecule 
to the surface, 2—adsorption of gas on the surface, 
3—reaction on the surface, 4—desorption of the 
products, and 5—diffusion of the products away 
from the reacting surface. 

Because of the unusually high activation energies 
often associated with linear oxidation, steps 3 and 4, 
which are generally inseparable kinetically, seem 
the most likely slow steps involved in the reaction. 
The essential difference, then, in linear oxidation 
and the generalized mechanism for heterogeneous 
surface reactions is the fact that the surface reacts 
with the adsorbed gas and subsequently is desorbed 
as part of the product. 
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Fig. 13—Oxidation rate of tantalum vs O, pressure at 750°C. 


The general form of the linear equation in terms 
of the weight gained, w = kt, is inadequate to ac- 
count for the effect of pressure at constant tempera- 
ture, since k actually is dependent on the oxygen 
concentration. The linear equation, then, may be re- 
written 

w = k”f(Co,)t. [1] 


The question then becomes one of determining the 
nature of the term f(Co,), a function of the oxygen 
concentration. 

The temperature dependence of the oxidation rate 
usually is expressed in terms of the Arrhenius equa- 
tion or by Eyring absolute reaction-rate equation. 
Using the Arrhenius equation, 


V = [2] 


where V is the experimental rate, A the action con- 
stant, E the activation energy, and R and T have the 
usual significance, a plot of the logarithm of the rate 
vs 1/T should yield a straight line. In Fig. 14, the 
data are plotted in accordance with Eq. 2. As can be 
seen immediately, the pressure dependence of the 
reaction of tantalum with oxygen does not allow the 
application of Eq. 2. 

Using the Eyring absolute reaction-rate theory, 
the general form necessary in terms of the specific 
rate constant, k’, will be 


V = f'(Co,)k’ [3] 
where V is the total reaction rate. Assuming f' (Co,) 


is related to the concentration of the reacting species 
involved, Eq. 3 becomes 


e-Aut/ar edst/r 


V = [4] 


where z,C, represents the effective concentration of 
the reacting species at the site of the reaction, and 


the e edst/e is the specific rate constant 


as given by Eyring.” 

In the present investigation, it was found that the 
rate vs pressure curves at constant temperature 
shown in Figs. 7 to 13 could be fitted almost exactly 
with a Langmuir-type I adsorption isotherm. Using 
the adsorption isotherm, Eq. 1 becomes 


w= k” [5] 
and Eq. 4 


kT 
k, O« e-Ant/ar eAst/r [6] 


where @ is the fraction of the available surface sites 
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covered by adsorbed oxygen and k, is a proportion- 
ality constant with the dimensions of ML™ and in- 
cludes the correction factor for the true surface area 
involved in the oxidation reaction. Hence a .C, = k,@. 

The expression for @ is obtained by considering the 
following equilibrium reaction between an adsorp- 
tion site S, and O, in the gas phase 


S. oO, oO, (ads)- [7] 
The fraction of sites covered, @, is proportional to 
S. — Os. was) and the fraction of bare sites, 1 — 6, 
to S,. The equilibrium constant for Eq. 7 is then 
0 1 
k, = =e 8 
Co, 8] 


where Co, is the effective concentration of O, in the 
gas phase and AF, is the free energy of adsorption of 
oxygen on the surface. Solving Eq. 8 for @, the fol- 
lowing is obtained 


kiCo, 
¢= 9 
1 + k:Co, J 
Substituting Eq. 9 in Eq. 6, gives 
kiCo, kT 
V =k, e Suter eAst/n. [10] 
1 + kiCo, h 


Consideration of this treatment indicates that O, is 
adsorbed at the site of reaction in molecular form, as 
indicated in Eq. 7. 

Table II gives the values of the equilibrium con- 
stant, k,, obtained from the various rate vs pressure 
curves at constant temperature. The assumption is 

kT 


made that at any given temperature k, « 


e Suter edst/e remains constant. Hence the value of 
k, can be obtained by the simultaneous evaluation of 
two experimental points at constant temperature 
using the appropriate concentrations of oxygen. Fig. 
15 is a plot of log k, vs reciprocal temperature. From 
this plot the heat of adsorption, AH,, of O, on tanta- 
lum was found to be 27.35 kcal per mol of oxygen 
with an entropy of adsorption AS, = —26.1 E.U. The 
value obtained for the heat of adsorption is consis- 
tent with the usual values obtained for the chemi- 
sorption of gases on solids. The large negative en- 
tropy would be expected in a reaction involving the 
transition from a disordered gas phase to a relatively 
ordered adsorbed phase on the surface. 


2000} 


Fig. 14—Arrhenius plot of the experimental oxidation rates of 
tantalum in oxygen. 
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Table II. Calculated Values of k, from Eq. 10 


10 

Temp Temp ky, Ad- ase 
ture, °K ture, °C sorption T’K log ky 
823 550 169 1.213 2.228 
873 600 80.1 1.145 904 
898 625 59.7 1.111 1.776 
928 655 28.7 1.078 1.458 
948 675 25.38 1,054 1.402 
973 700 14.3 1.028 1,155 
1023 750 8.0 0.978 0.905 


In Eg. 10 the usual assumption is made that the 
transmission coefficient, «x, is unity. From the der- 
ived equation it is evident that a plot of the 


k,Co, kT | 
l + k,Co, h 


vs 1/T should yield linear plots. Fig. 16 shows such 
a plot. It should be emphasized that the extreme 
spread of experimental values on the Arrhenius 
plot in Fig. 14, where surface concentration of O, 
was neglected, has been eliminated in Fig. 16. All 
the experimental points now fall reasonably well 
along two straight lines. 

The heat of activation, AH', as determined from 
Fig. 16 in the temperature region from 500° to 
600°C is 64.4 kcal per mol. In the temperature range 
of 600° to 800°C, AH* is approximately 29.5 kcal per 
mol. At temperatures above 800°C, AH* is some- 
what uncertain because of the extreme rapidity of 
rate of reaction and the experimental difficulties 
involved. 

The reason for the break in AH‘ is quite obscure 
and intriguing. Numerous attempts were made to 
devise a mechanism by which all experimental data 
may be obtained on one straight line. These were 
completely unsuccessful. 

One possible explanation that has been advanced 
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Fig. 15—Relationship between equilibrium constant of adsorp- 
tion and temperature. 
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Fig. 16—Total absolute rate of reaction of tantalum in oxy- 
gen vs reciprocal temperature. 


is that a transition occurs in the activated complex 
of the rate-determining step prior, temperature- 
wise, to a transition in the ground state. There is 
some evidence from X-ray diffraction data on the 
oxide films present on the metal which suggests a 
transition in the oxide near 800°C. Further work on 
this is now in progress. 

Due to the extremely rapid rate of oxidation 
above 800°C and the resulting experimental diffi- 
culties, the data obtained above this temperature 
are not considered reliable, and no attempt has been 
made to obtain any theoretical correlations in this 
region. As a result, it should be emphasized that 
Eq. 10 is meant to explain the experimental data 
only in the region from 500° to 800°C. 

As was mentioned previously, Fig. 4 shows de- 
viations from linearity at short times. Two explana- 
tions of this may be considered, that the deviation 
represents: 1—the time necessary for the initial 
adsorption process to reach equilibrium, or 2—the 
period of nucleation and subsequent growth of a 
macroscopic oxide phase that may be essential in 
the transfer involved in the desorption of the re- 
action products from the metal surface. 

It should be mentioned that the rather unusual 
pressure dependence displayed by tantalum during 
oxidation is not unique. Investigations in progress 
in this laboratory on molybdenum and columbium 
indicate a very similar behavior. 


Summary 

In conclusion, the facts concerning the oxidation 
behavior of tantalum in oxygen from 500° to 1000°C 
at pressures ranging from 10 mm Hg to 40.6 atm 
total oxygen pressure are as follows: 

1—-Tantalum oxidizes linearly at all temperatures 
and pressures investigated. 

2—An unusual pressure dependence of the oxida- 
tion rate of this metal has been discovered. The- 
oretical considerations indicate that an equilibrium 
adsorption process occurs prior to the rate deter- 
mining step of linear oxidation for tantalum. 

3—The ultimate end product is thought to be 
Ta,O, as determined from X-ray data. 

4—Two equations of the following form have 
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been found to satisfy the experimental data from 
500° to 800°C 


k:Co, 
1 + k:Co, 


where AH? has the value of 64.4 kcal per mol from 
500° to 600°C and 29.5 kcal per mol from 600° to 
800C°. 

5—Significantly, to the authors’ knowledge, this 
is the first time that an adsorption process has been 
shown experimentally to occur during linear oxida- 
tion. While it is not the intent of this paper to pro- 
pose a general theory for linear oxidation, the dis- 
covery of the effect of pressure on tantalum is sug- 
gestive of a mechanism for linear oxidation involv- 
ing an equilibrium adsorption of the reactant prior 
to the formation of the oxide film. The slow step, 
kinetically, possibly may be the reaction on the 
surface and/or the desorption of the reaction prod- 
uct (i.e., step 3 and/or 4). 


Acknowledgments 

The authors wish to express their appreciation to 
the Office of Ordnance Research, United States 
Army, for the funds that made this work possible. 
The authors wish to thank Dr. Henry Eyring, Dean 
of the Graduate School, University of Utah, for his 
interest in our work. The authors also wish to thank 
Mr. Charles Kendrick for the preparation of the 
drawing shown in Fig. 2, and Dr. John R. Lewis, 
Head, Dept. of Metallurgy for his support and in- 
terest in this project. 

This paper is a report of work done under contract 
with the Department of the Army, Project No. 599- 
01-004; Ordnance Research and Development Proj- 
ect No. 25; and Army Ordnance Contract DA-04- 
495-ORD-237. 


)e e 


References 


‘Corrosion Handbook. Ed. by H. H. Uhlig. (1948) 
pp. 720-721. New York. John Wiley and Sons. 

*D. J. McAdams and G. W. Geil: Journal Res. Nat. 
Bur. Standards (1935) 23, p. 65. 

*E. A. Gulbransen and K. F. Andrew: Trans. Electro- 
chemical Soc. (1949) 96, p. 364. 

‘J. T. Waber, G. E. Sturdy, E. M. Wise, and C. R. 
Tipton, Jr.: Journal Electrochemical Soc. (March 1952) 
99, No. 3, p. 121. 

William McKewan: High Temperature, High Pres- 
sure Oxidation Rates of Metals. Thesis, Dept. of Metal- 
lurgy (June 1952) Salt Lake City. University of Utah. 

*W. Martin Fassell and William McKewan: Discus- 
sion on paper by M. H. Davies and C. E. Birchenall. 
Trans. AIME (1952) 194, pp. 535-536; JouRNAL oF 
METALS (May 1952). 

"William McKewan and W. Martin Fassell, Jr.: 
Trans. AIME (1953) 197, pp. 1127-1130; JouRNAL oF 
MetALs (September 1953). 

*“W. Martin Fassell, Jr. and Robert C. Peterson: 
Equipment for High Temperature High Pressure Solid- 
Gas Reaction Rate Studies. Technical Report IV. (Au- 
gust 10, 1953) Army Ordnance Contract, DA-04-495- 
ORD-237. 

*D. A. Vermlyea: Acta Metallurgica (May 1953) 1, 
pp. 282-294. 

”R. J. Wasilewski: Journal American Chemical So- 
ciety (February 20, 1953) 75, pp. 1001-1002. 

“A. U. Seybolt and H. T. Sumsion: Trans. AIME 
(1953) 197, pp. 292-299; JouRNAL or MeTats (February 
1953). 

“K. J. Laidler: Chemical Kinetics. (1950) New York. 
McGraw-Hill Book Co. 

“S. Glasstone, K. J. Laidler, and H. Eyring: Theory 
of Rate Processes. (1941) New York. McGraw-Hill 
Book Co. 


TRANSACTIONS AIME 


| 
| 
| | 
| 
| 
=, | 
© 
| 
| 
< 


Coefficients of Thermal Expansion for Zirconium 


by R. B. Russell 


The expansion coefficients of hexagonal (a) zirconium have been calculated from 
the lattice parameters of both low and high hafnium alloys in the range 0° to 600°C. 


It is found that the coefficients are straight-line functions of the temperature and 
that the effect of hafnium is to depress the mean coefficients by about 1 pct at room 
temperature and 9 pct at 600°C. The cubic (8) form was stabilized so that its co- 


OEFFICIENTS of thermal expansion for hexa- 

gonal-close-packed (a) zirconium were deter- 
mined up to 600°C (1112°F), without any inter- 
ference from the effects of preferred orientation, by 
measurement of the lattice parameters obtained from 
asymmetrical back-reflection focusing X-ray camera. 
This paper combines the results for a 1.2 atomic pct 
hafnium alloy from an earlier report’ with those for 
hafnium-free zirconium. 

The problem confronting the investigator is essen- 
tially that of getting sharp, high-angle diffraction 
lines which represent the material at a known con- 
stant temperature and chemical composition. In order 
to do this, it was necessary to use the proper X-ray 
emission wave length (Co K was chosen) and to 
have a fine-grained metal whose atomic spacings 
would be free from effects of cold work (the speci- 
men was annealed) and to prevent a changing com- 
position owing to gas absorption during the heating 
of the metal to temperature (the sample was heated 
in a vacuum). 

A summary of the effect of temperature on prop- 
erties is listed in Table I which gives data for ord- 
inary zirconium, as well as new values for the low 
hafnium metal. 

The coefficients of the linear thermal expansion 
that have been reported are given in Table II. The 
discrepancies shown may be explained perhaps by 
the effect of preferred orientation, and McGeary and 
Lustman* have done this successfully for sheet metal. 
The differences in texture cannot explain all the 
differences in expansion coefficient shown in Table 
II. Results by the author agree most closely with 
those of Kroll.” 

Chemical analysis of the high hafnium metal pre- 
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efficient could be determined from 400° to 900°C. 


viously reported’ showed that it was 98.22 atomic 
pct (97.40 wt pct) pure. The low hafnium metal was 
dehydrogenated Westinghouse crystal bar, designated 
SMZ-137A. Its analysis was as given in Table III 
(chemical analyses 5377, 5431, and 5432). 


Table |. Effect of Temperature on the Properties of Zirconium. Room 
Temperature (20°C) Properties for the Low and High Hf Zirconium 


<0.01 2.4 
Wt Pet Wt Pet 
ur uf 
Expansion Coefficients: 
True instantaneous linear 
(ac) || to c-axis 6.39x10-¢ 6.09x10-4 
per °C per °C 
(aa) to | to c-axis 5.64x10-¢ 5.69x10- 
per °C per °C 
True linear for haphazard 
orientation (a) 5.89 x10-¢ 5.82x10-4 
per °C per °C 
True volume = 3a) 17.68x10-* 17.47x10-* 
per per 
X-ray density (p) 6.490 grams 6.566 grams 
per cu cm per cu cm 
Molecular volume 14.02 cu cm 14.01 cucm 
Lattice parameters (c) 5.14756A 5.14551A 
(a) 3.23115A 3.23078A 
Axial ratio (c/a) 1.59310 1.59265 


* A least-squares reduction of the data for the two materials 
gave between 0° and 600°C (32° and 1112°F): 


<0.01 Wt Pet Hf 2.4 Wt Pet 
= 5.14105 + 1.1532x10°T 5.13909 + 1.2470x10°T 
+ 3.6416x10-*",2 + 3.2209x10-*T* 
a 3.22612 + 1.6072x10~T 3.22554 + 1.7337x10°T 
*T? + 1.7631x10-°T* 
le 
ae - = (6.106 + 0.01398t) (5.844 + 0.01237t) 
ce dT x10-* per 
per *C 
1 da 
as — = (5.599 + 0.002241t) (5.665 + 0.001053t) 
adT x10-* per °C 
x10* per 


where T is in degrees Kelvin and t in degrees centigrade. Isotropic 
point is 236.4°K (—36.8°C) where ace = as = 5.592x10 per °C. 
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Sample Preparation 

Since zirconium is a well known getter, it was de- 
cided to use foil rather than powder. Actually only 
the top 0.001 in. of the foil will do the diffracting 
with Co K x-radiation used, so that massive block 
samples were unnecessary. Results reported for the 
high hafnium metal were also obtained from a foil. 

The crystal bar was machined to 0.471 in. diam, 
dehydrogenated at 1400°C for 1 hr in vacuum (10° 
mm Hg), swaged to 0.189 in. diam, chemical analysis 
taken, and then rolled to 0.012 in. thick sheet. The 
sheet was cut into strips about 1x0.4 in. (25x10 mm). 
It was found that the best roughening (to reduce 
preferred orientation) was by prick-punching each 
sample with a Burgess “Vibro-Tool” before anneal- 
ing the cut sample (see Fig. 1). These cold-worked 
samples were then etched in 20 pct aqueous HF 
solution to remove surface contamination, and then 
annealed in packets (made by wrapping the samples 
in tantalum foil) in quartz tubes sealed off at a 
pressure of 5x10°* mm Hg. After the anneal, a sample 
was given a final etch in HF solution, and spot- 
welded to three thermocouple junctions. Making a 
diffraction photogram of unoscillated specimens 


Table 11. Mean Linear Coefficient (a) of Thermal Expansion for 
Hexagonal Zirconium as Reported by Several Investigators 


Tem- 
pera- 
ture 
Range, axle 
°c per °C Condition Source 
Room 6.3 Drawn wire deBoer™ (1930) 
0 to 100 10.4° Foil (X-ray) Shinoda” (1934) 
20 to 750 72 Rod Kroll* (1939) 
0 to -20 5.83 Rod Erfling” (1939) 
0 to -20 4.56 Rod Erfling™ (1942) 
to 5.90 
100 to 600 47 —_ Alnutt and 
heer® (1945) 
20 to 600 4.96 -- Raynor® (1947) 
25 to 300 6.41 Foil (1.5 pet Hf) 
(X-ray) Mechlin? (1951) 
25 to 700 7.50 Foil (2.4 pet Hf) 
(X-ray) Russell! (1951) 
25 to 200 5. to 6. Rod (Hf-free) Aden- 
stedt™ (1952) 
25 to 200 5.8°* Rod (Hf-free) Adenstedt 
(X-ray) and Brockle- 
hurst (1952) 
25 to 870 7.211 Wire (2 pet Hf) Skinner 
(X-ray) and Johns- 


25 to 700 Foil (Hf-free) This paper 
(X-ray) 

25 5.92%% Foil (Hf-free) This paper 
(X-ray) 


*Shinoda: as = 14.3x10- per °C and ae = 2.5x10-* per °C. 
Mechiin: ae 4.5x10-* per °C and ae = 10.3x10~ per °C. 
** Adenstedt and Brocklehurst: as = 4.7x10¢ per °C and a> = 
7.9x10-* per °C. 
tt Skinner and Johnston: ae = 5.5x10- per °C and ae = 10.8x10-* 
r*c 
6.43x10 per °C and ae = 11.23x10- per °C. 


t Author: as = 
*C and ae = 646x10~ per °C. 


tt Author: ae 5.65x10~ per 


Fig. 1—A typical sample of zirconium sheet with a prick-punch 
surface to reduce the effects of preferred orientation. X5. Area 
reduced approximately 65 pct for reproduction. 


1046—JOURNAL OF METALS, SEPTEMBER 1954 


Fig. 2—The zircon- 
ium sample with 
spot-welded No. 28 
thermocouples in 


place. X2. 


showed that an anneal at 500°C gave both the high- 
est contrast lines and the greatest number of dif- 
fraction spots. 
Apparatus 

The apparatus consisted of a 9 in. diam water- 
cooled, evacuated copper tank, which held a 5 in. 
(127 mm) diam symmetrical back-reflection focus- 
ing camera, a magnesia-packed, alundum-core, 
platinum-wound resistance furnace and a stainless- 
steel sample holder. This same equipment had been 
used by Gordon‘ except for a few changes’ which 
include sample oscillation to overcome the effects of 
coarse grains. 

Experimental Procedure 

The furnace was heated slowly enough to prevent 
the pressure from exceeding 40x10° mm Hg. By the 
time the temperature had leveled off to the desired 
one, the pressure would have fallen to about 2x10° 
mm Hg. The specimen was exposed for three hours 
to unfiltered Co K radiation at 35 kv, 10 ma from a 
Machlett-type A-2 diffraction tube on a Picker 
diffraction unit, while the whole tank-camera- 
furnace assembly was oscillated in the X-ray beam. 

The temperature was measured with a thermo- 
couple prepared from calibrated B. and S. No. 28 
chromel-P alumel wire; these couples were spot 
welded to the sample in three places (see Fig. 2). 


Table Il). Analysis of Low Hafnium Metal 


__Imparities® 
Element Wt Pet Atomic Pet Element Atomic Pet 
o 0.013 0.0728 c 53 
N 0.0005 0.0033 o 20 
Cc 9 


(diff) 


* Note: Of the total of 0.368 atomic pct impurities, the relative 
amounts were those given in the last column. 
** Equivalent atomic weight 90.97 for X-ray density calculations. 
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POA 
1953) 
; Ca 0.0004 0.0009 N 1 
= Cr 0.0015 0.0026 Hf 1 
Cu 0.0007 0.0010 Other 
Fe 0.0250 0.0408 
Mn 0.0001 0.0002 
Ss! 0.0015 0.0048 


Table IV. Lattice Parameters,* Axial Ratio, Distance of Closest Approach, Volume per Atom, and X-ray Density 
of Zirconium Containing Small and Large Amounts of Hafnium. See Figs. 3 through 6 


Zr with <0.005 Atomic Pct Hf (Mean Atomic Wt 90.97) 


Tempera- pee Grams per 
ture, °C c (A) a(A) = dy c/a d, (A) Atom (A®*) Cu Cm 
10.0 5.14741 3.23114 1.59306 3.17869 23.2703 6.4904 
17.2 5.14733 3.23104 1.59309 3.17862 23.2684 6.4909 
17.5 5.14807 3.23144 1.59312 3.17906 23.2776 6.4884 
19.0 5.14831 3.23178 1.59303 3.17927 23.2836 6.4867 
20.0°* 5.14756** 3.23115** 1.59310°* 3.17879°* 23.2719°* 6.4900** 
25.0°* 5.14773°* 3.23124°° 1.59311*°* 3.17885** 23.2731°* 6.4896** 
97.4 5.14970 3.23199 1.59336 3.17990 23.2928 6.4842 

144.4 5.15291 3.23371 1.59350 3.18178 23.3322 6.4732 
185.5 5.15377 3.23405 1.59359 3.18225 23.3410 6.4708 
255.7 5.15669 3.23494 1.59406 3.18373 23.3671 6.4635 
326.0 5.15955 3.23653 1.59416 3.18542 23.4030 6.4536 
377.9 5.16372 3.23783 1.59481 3.18756 23.4408 6.4432 
421.9 5.16588 3.23917 1.59482 3.18888 23.4699 6.4352 
470.2 5.16856 3.24018 1.59514 3.19031 23.4967 6.4279 
504.5 5.17118 3.24077 1.59566 3.19157 23.5173 6.4222 
523.7 5.17144 3.23966 1.59629 3.19130 23.5023 6.4264 
563.7 5.17712 3.24443 1.59570 3.19522 23.5974 6.4005 
579.0 5.18071 3.24239 1.59781 3.19598 23.5841 6.4041 

600.0** 5.17889°* 3.24297** 1.59696** 3.19544°* 23.5843°* 6.4041** 


3.24526°* 23.6535*°* 


700.0°* 


= +0.00134A 
= +0.00086A 


ec = 5.14105 + 1.1532x10-°T + 3.6416x10~T? 
a = 3.22612 + 1.6072x10-°T + 3.6940x10-"T* 


Zr with 1.2 Atemic Pet Hf (Mean Atomic Wt 91.98) 


Density, 


Tempera- Volume per Grams per 
ture, °C ctA) atA) = ds c/a d, (A) Atom (A") Cu Cm 
8.0 5.14494 3.23054 1.59259 3.17748 23.2504 568 
20.0°* 5.14551** 3.23078°* 1.59265°* 3.17780°* 23.2565°* 6.566°* 
23.5 5.14559 3.23102 1.59256 3.17791 23.2603 565 
25.0°* 5.14567** 3.23087** 1.59266°* 3.17789°* 23.2585°* 6.565** 
25.0 5.14680 3.23098 1.59295 3.17839 23.2652 6.564 
25.9 5.14627 3.23056 1.59300 3.17803 23.2567 6.566 
26.1 5.14636 3.23085 1.59288 3.17816 23.2613 6.565 
26.1 5.14491 3.23169 1.59202 3.17786 23.2669 6.563 
26.3 5.14516 3.23110 1.59239 3.17776 23.2595 6.565 
59.0 5.14621 3.23104 1.59274 3.17817 23.2634 6.564 
90.0 5.14767 3.23165 1.59289 3.17896 23.2788 6.560 

126.0 5.14924 3.23223 1.59309 3.17980 23.2942 6.555 
189.5 5.15121 3.23377 1.59294 3.18112 23.3253 6.547 
231.8 5.15419 3.23510 1.59321 3.18128 23.3580 6.538 
280.4 5.15522 3.23567 1.59325 3.18338 23.3709 6.534 
321.0 5.15885 3.23693 1.59375 3.18528 23.4056 6.524 
337.2 5.15747 3.23678 1.59340 3.18467 23.3972 6.526 
364.3 5.16031 3.23700 1.59416 3.18589 23.4132 6.522 
381.8 5.16144 3.23756 1.59424 3.18654 23.4265 6.518 
408.5 5.16241 3.23852 1.59406 3.18726 23.4448 6.513 
456.6 5.16583 3.23920 1.59479 3.18887 23.4702 6.506 
503.8 5.16826 3.24000 1.59514 3.19013 23.4928 6.500 
517.5 5.16939 3.24034 1.59532 3.19070 23.5029 6.497 
582.8 5.17285 3.24153 1.59581 3.19251 23.5359 6.488 
600.0°* 5.17453°* 3.24202°* 1.59608*°* 3.19335°* 23.5506** 6.484°* 
700.0°* 5.18173°* 3.24408°* 1.59729°* 3.19697°* 23.6134°* 6.467°* 


ce = 5.13969 + 1.2470x10-°T + Ac +0.00064A 
a = 3.22554 + 1.7337x10-°T + 1.763 x10-°T* Sa = +0.00033A 


* In calculating lattice parameters, no refraction correction was made, and the Bragg® wave length for Co K radiation was used. 
** Calculated. 


Temperatures over the area on the sample exposed and T to determine a, b, and c. The root mean-square 
to X-rays (a path during furnace oscillation of about — deviation of x, Ax, was determined from the expres- 
5/16 in.) were found to be constant to +2%°C. sion 


( )* 
Calculation of Results ae ) | 
The wave lengths for cobalt were taken to be:° 
Co Ka, 1.78890A; Co Ka. 1.79279A; and Co K&, 
1.62073A. The controversial’ refraction correction and found to show an average of around 5x10*A. 


for polycrystalline or powder material was not made. This was assumed to be justification for the empirical 
Lattice parameters were calculated by Cohen’s validity of Eq. 1, but as Nelson and Riley’ (who 
method,’ and an expression of the form found a similar expression for the c lattice parameter 


in graphite) have pointed out, this is probably un- 


x=a+bT+cT 1 
(1) warranted. Even so, for convenience, Eq. 1 was used 
where zx is the lattice parameter at temperature T, to calculate expansion coefficients. 
and a, b, and c¢ are constants, was found by the Interatomic distances of two kinds, six atoms at 


method of least squares, using known values of xr d, and six at the distance of closest approach, d,, are 
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a 
Sa 
Densit 
i 
4 
Aa 
~ 
Aa 
ins, 


5.180 


ot % wt) 
€* 5.13909 1.2470 x + 32209 10° 1? 


71 (<,005 at % wt) z 

¢*5.14105 +1532 T + 1? 3-4 
3.22612 +6072 X10 T + 3,694 10°" 

$170 wHene 1S DEG K AND ARE 4 
in 10" Cu UNITS 
z 

4 

3.248 


K—Zr U.2et 
—Low Hf Zr 


rS.i42 100 200 300 400 soo 
4 i 


Fig. 3—Lattice parameters of hexagonal Zr with <0.005 atomic 
pct Hf and 1.2 atomic pct Hf vs temperature. 


Instantaneous Coefficients of Thermal Expansion of 
Zirconium (see Fig. 7), in 10° per °C Units 


Table V. 


Tem 
—— <0.005 Atomic Pet Ht 1.2 Atomic Pet Hf 
e 
°c ae a* a.* a 
0 6.106 5.599 5.768 17.30 5.844 5.665 5.725 17.17 
2u 6.580 5.644 5.893 17.68 6.004 5.686 5822 17.46 
25 6.459 5.656 5.024 17.77 6.154 5.691 5845 17.53 
50 6812 5.712 6.079 16.24 6.468 5.718 5.968 17.90 
100 7.517 5.8625 6.389 19.17 7.001 5.771 6.211 18.63 
150 6.220 5.937 6.6968 20.00 7.714 5.624 6454 19.36 
200 8.923 6.050 7.007 21.02 8.336 5.876 6.696 20.09 
250 9.625 6.162 7.316 21.95 6.958 5.929 6939 20.82 
300 10.32 6.274 7625 22.87 9.578 5.962 7.181 21.54 
350 11,02 6.386 7.933 23.80 10.20 6.034 7422 22.27 
400 11.72 6.498 6.240 24.72 10.82 6.087 7.663 22.99 
450 12.42 6.610 8546 25.64 11.43 6.140 7.904 23.71 
500 13.12 6.722 8.854 26.56 12.05 6.192 8.145 24.43 
550 13.81 6.833 9.160 27.486 12.67 6.245 8385 25.16 
600 14.50 6.045 9.466 28.40 13.28 6.297 6625 25.87 
(650) (15.20 7.056 9.771 20.31) (13.89 6°°O 8.864 26.59) 
(700) (15.80 7.168 10.07 30.22) (1450 6402 9.103 27.31) 
1 de 1 da 
* Where ae = — — (|| c-axis, linear), aa = — — (| c-axis, lin- 
ec dT a dT 
ear), a @ + ae) /3 (mean linear), and ay = 3a (volume), 


found from the relations 
( a’ 
d, = 7 + > 
d,=a 


in hexagonal-close-packing and are listed in Table 
IV. 
X-ray density, p, is given by Bragg’ as 


p = 1.66020 


where SA is the total atomic weight of the unit 
cell, and V is the volume (V 


\/3a"c/2 for hexa- 
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CLOSEST APPROACH 
2 2 1 

(2,2) 


| % Hf) 


O—Low Hf Zr | 


TEMPERATURE °C 
100 200 300 400 500 600 J 
4 4 


Fig. 4—Interatomic distances in hexagonal Zr with <0.005 atomic 
pct Hf and 1.2 atomic pct Hf vs temperature. 
gonal-close-packing) of the unit cell in cubic 
Angstrom units (10“ cu cm), Table IV. 

The calculation of the coefficients of linear thermal 
expansion was not attempted graphically but Eq. 1 
was differentiated to give 


1 dx b + 2cT 
ay = [2] 
zs 


for each temperature. For haphazard orientation of 
crystallites in a polycrystalline massive metal, the 
true coefficient of linear thermal expansion is 


2a, + a, 
3 


and the volume expansion is 3a (Table V). For a 
single crystal the resultant coefficient is a function 
of the polar angle ¢, the angle between the (0001) 
pole and the direction in question. This relation is” 
(Table VI) 


a, + (a, — a) cos*¢. 


Discussion of Results 

Results for both high and low hafnium zirconium 
are presented in Tables IV through VI; Figs. 3 
through 8 show the data graphically. 

Temperature Limitation: A temperature limita- 
tion of about 600°C (1112°F) for zirconium was due 
primarily to increasing line spottiness (recrystalliza- 
tion and grain growth), and a reduction of line con- 
trast (temperature effect), so that the number of 
measureable lines was lowered. The use of un- 
annealed specimens for high-temperature runs did 
not seem to improve the results. In zirconium alloys, 
any tendency to inhibit grain growth during X-ray 
exposure would make possible the examination of 
zirconium at much higher temperatures. In a series 
of similar experiments using uranium as the alloy- 
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4 
3245 ° 
32405 
z 
3235 
30 
3200 
3.24 
i 
$.1$2 3190 x 
a 2 
3.236 3185 z 2. 
— 
x 
TEMPERATURE °C 
| 600 3.230 i 


Table Vi. Resultant Linear Coefficient of Thermal Expansion as a 
Function” of Polar Angle ¢ and Temperature for Zirconium with 
Less than 0.005 Atomic Pct Hf (see Fig. 8), in 10° per °C Units 


Polar Angle 
40 50 60 70 


SNH 
ae 


NE 
— 


ing element, lattice parameters of zirconium were 
measureable up to around 900°C (1652°F). These 
will be described later. 

Absorption of Oxygen and Nitrogen: Beyond ob- 
vious precautions like etching and degreasing the 
metal surface and securing the best possible vacuum, 
there is no way of eliminating absorbed gases in the 
top 0.001 in. diffracting surface; neither is there any 
easy way of determining the amount of absorbed 
gases present. Gross increases in oxygen in a heated 
sample are scant indications of the oxygen concen- 
trations that may be reached in the skin of this re- 
active metal. The appearance of zirconium after 
exposure to high temperature is also deceiving, since 
the sample will scavenge itself especially over 400°C 
(752°F).>* 

A check on oxidation at high temperatures may 
be made by rerunning samples already exposed at 
these temperatures and comparing them with fresh 
samples. This has been done, and no significant dif- 
ferences were found; moreover, it has been shown 


© < 005 ot % Hf 
ot % Hf 


1 $92 TEMPERATURE °C 
300 400 $00 600 


pet Hf and 1.2 atomic pct Hf vs temperature. 
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Table Vil. Properties of the Hexagonal-close-packed Form at 25°C 


Lattice Parameters: 

3.2312A 
1.5931 


c 5.0510A 
dg=a 3.1946A 
c/a 1.5811 

Distance of closest 
3.1273A 3.1788A 


approach, (d)) 
Volume per atom 22.320A* 23.273A* 
13.28 grams per cucm 6.489 grams per cu cm 


X-ray density ‘p) 
Atomic volume 13.44 cu cm per mol 14.02 cu cm per mol 


that for a 2.4 wt pct Hf alioy, the deviations from 
the mean are fairly uniform over the whole range 
of temperatures covered,’ a fact not to be expected 
if the oxidizing conditions were radically different. 
From the results of Gulbransen and Andrew,” " 
Dravnieks,” and Cubiciotti,” it can be concluded that 
nitrogen absorption is not appreciable compared with 
oxygen for the conditions of this experiment. As a 
result of Treco’s“ study of the effect of oxygen on 
the lattice parameters of zirconium, the author has 
reason to believe that oxygen absorption has not 
greatly affected the results. If, however, gaseous 
diffusion has spoiled the expansion curves at higher 
temperatures, then these curves may still have an 
importance, because these gases probably will be 
unavoidably retained in most industrial operations. 

Effect of Hafnium: The influence of hafnium in 
reducing the lattice parameter of zirconium has been 
shown.” This effect is apparent in the curves of Figs. 
3 through 8 which show lattice parameter, inter- 
atomic distance, axial ratio, and volume per atom. 
Hafnium as an impurity appears to reduce the co- 
efficient of thermal expansion of zirconium, e.g., de- 
pressing the mean coefficient, a, by about 1 pct at 


X-RAY DENSITY 


< 005 12 

ot ot % Ht! 
VOLUME PER ATOM A x 
X-RAY DENSITY 


TEMPERATURE °C 
100 200 300 400 $00 


Fig. 6—X-ray density and volume per atom for hexagonal Zr with 
<0.005 atomic pct Hf and 1.2 atomic pct Hf vs temperature. 
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room temperatures and 9 pct at 600°C. This effect 
is far out of proportion to a simple additive com- 
bination of zirconium and hafnium, and possibly 
indicates a definite bond between the two elements 
in solid solution. According to Childs,” the expan- 
sion coefficient should be raised, “since presumably 
the elastic moduli and the Debye temperature are 
less for the alloy than for the pure metal. Possibly 
the Griineisen constant changes so as to counteract 
the influence of these quantities.” 

Some physical properties of these two elements” 
are compared in Table VII which gives properties of 
the hexagonal-close-packed form at 25°C. The as- 
sumption by Skinner and Johnston” that hafnium 
additions to zirconium “affect both parameters .. . 
in the same proportion and in the ratio of their con- 
centrations and atomic radii” probably is not justi- 
fied in the light of measurements on hafnium-free 
zirconium, a being relatively unaffected by the pres- 
ence of hafnium (see Fig. 3). 


Polymorphic Contraction in Zirconium 
In addition to hafnium-free zirconium, alloys of 
low hafnium zirconium with 2 and 4 wt pct U were 
investigated. The analyses were: 


Figs. 9 and 10 show the lattice parameters and 
volume per atom of the a and £ zirconium alloy, as 

well as those for the unalloyed zirconium. It is clear 
that the presence of the alloying element does not 
effectively change the apparent volume per atom of 
hexagonal-close-packed zirconium, at least up to 


*(20,+ 


(6 106 + 01896 T) 10°* PER °C 
WHERE T 1S IN 


Isotropic Point for 
Low Hf Metal Is - ne c 


© LOW wf Zr 
Zr 2ot%HN" 
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Fig. 7—True linear thermal-expansion coefficients for hexagonal Zr 
with <0.005 atomic pct Hf and 1.2 atomic pct Hf vs temperature. 
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about 600°C, the highest temperature reported for 
unalloyed zirconium in this experiment. Although 
no second phase was observed microscopically, it 
was fortunate* that some £ zirconium was found by 

* Pfeil” has suggested that uranium would be a powerful § zir- 

conium stabilizer if it behaved as an hexavalent element in zirco- 
nium-rich alloys. 
X-ray to have been retained to low temperatures, 
as well as a to high, so that the relative volumes 
of each is observed. It can be seen that the well 
known dilatometric contraction that occurs when 
zirconium transforms from a to £ is not spurious, 
as some have suggested, but has a definite cause. 

It was found that the parameter of the body- 
centered-cubic form (8) zirconium is a straight-line 
function of temperature from about 400°C (752°F) 
to about 900°C (1652°F). (Below 400°C the diffrac- 
tion lines in the symmetrical back-reflection focus- 
ing camera were not well resolved, and it was as- 
sumed that equilibrium had not been attained.) 
Accordingly, in this temperature range, the linear 
coefficient of thermal expansion is constant and is 
about 21.2x10° per °C. It is to be noted that for a 
2 wt pet Hf alloy, Skinner and Johnston” observed 
dilatometrically that this value is a mean of 9.7x10° 
per °C between 870° and 1327°C. This value is less 
than half of that found for the cubic zirconium in 
the uranium alloy between 400° and 900°C. 

From the graphs of lattice-parameter variation 
with temperature, the quantities and their deriva- 
tives given in Table VIII were determined for these 
uranium alloys. 


Temperature Dependence of the Expansion Coefficient 
It has been found that the expansion coefficient is 


+ (a,- a,)cos*@ 


,O] DIRECTION 
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COEFFICIENT , 
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@. ANGLE IN DEGREES BETWEEN [O00!) AND EXPANSION DIRECTION 
Fig. 8—Resultant linear thermal-expansion coefficient as a function 
of polar angle 4 and temperature for hexagonal Zr with <0.005 
atomic pct Hf. 
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Fig. 9—Lattice parameters of zirconium and zirconium with 0.82 
atomic pct U and 1.62 atomic pct U vs temperature. 


a straight-line function of temperature, and there- 
fore is in agreement with Kroll.’ The coefficient de- 
termined in the same manner for beryllium, another 
hexagonal-close-packed metal, becomes linear only 
over about 300°C (573°K).‘ The mean (20°C) co- 
efficient for zirconium is shown in Fig. 11, in which 
the results of Erfling” for low temperature with the 
data for high temperatures of the 1.2 atomic pct Hf 
alloy of the previous experiment’ are combined. The 
slope of the combined curve becomes constant at 
about 300°K; the slope of the expansion-coefficient 
curve may be due to the change of compressibility 
with temperature, as expressed in Griineisen’s rela- 
tion" 


[3] 


where a, is the volume coefficient of thermal expan- 
sion, 8 is the isothermal compressibility, C, the heat 
capacity per mol at constant volume, and V, the 
volume per mol at zero temperature and pressure. 
The constant of proportionality, y, Griineisen found 
to be about 2 in most cases. According to Debye, the 
heat capacity increases with temperature, rapidly at 
first, but only very slowly at, and above, the charac- 
teristic temperature ® of the substance. Since this 
temperature is about 935°K for beryllium but only 


Table VIII. Quantities and Derivatives Determined for the 
Uranium Alloys from the Graphs of Lattice-parameter 
Variation with Temperature 


20°C 
Lattice parameters: hexagonal-close- 
packed c 5.14756A 5.2036A 
hexagonal-close-packed a 3.23115A 3.2505A 
body -centered-cubic a (3.5453A) 3.6090A 
Axial ratio 1.59310 1.6009 
Distance of closest approach: hexagonal- 
close-packed 3.17879A 3.2083A 
body-centered-cubic (3.0703A) 3.1255A 
Volume per atom: hexagonal-close- 
packed 23.2719A* 23.807A* 
body -centered-cubic (22.281 A*) 23.503A* 
Goldschmidt contraction:* hexagonal- 
close-packed to body -centered-cubic 
‘(inter-atomic) (3.41 pet) 2.58 pet 
Pauling radius:+ r(1) (calculated) -- 1.4580A 
r(1/3) (calculated) 1.6011A 
r(CN6,6) (observed) 1.6041A 


* The Goldschmidt contraction for a polymorphic change in a phase 
whose coordination number is 12 to one of 8 is usually around 


3 pet of the interatomic distance.” 

* Pauling’s™ equation-relating bond number n and radius r (n) pre- 
dicts the radius for closest packing, r (1/3), where the coordi- 
nation number (CN) is 12. 
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Fig. 10—Volume per octom of zirconium and zirconium with 0.82 
atomic pct U and 1.62 atomic pct U vs temperature. 


280°K for zirconium, the heat capacity, for increases 
in temperature from room temperature, is rapidly 
rising for beryllium but very slowly for zirconium, 
since this has nearly reached its maximum value. 
Accordingly, it should be expected that, at some 
point well above the characteristic temperature, the 
slope of the curve would become proportional to the 
temperature coefficient of compressibility alone, so 
that from Griineisen’s equation, Eq. 3, and dC,/dT 
= 0 

dg V, da, 

dT yc. dT 


From Bridgman” for the range 30° to 75°C, it is 
calculated that 


ap 11.39 — 11.29 


16” 


2.1x10°” per atm per °C. 


From expansion data and using y = 0.886 from Eq. 


3, it is found that 
Vv, ( Aa, ) 
( 19.17 — 17.30 
100 


which indicates fair agreement between the relative 
effects of temperature on thermal expansion and 
temperature on compressibility, according to Griin- 
eisen’s expression. It is of interest to calculate 
Griineisen’s constant, y, by three different methods. 
Slater derives two other expressions for y, one based 
solely on experimental compressibility constants,” 
and the other relating latent heat of sublimation, 
distance between atoms, and compressibility.” 
These, compared with the original Griineisen equa- 
tion (Eq. 3), show a wide spread of values, a fact 
which will require some explaining. These values 
were calculated for room temperatures as given in 
Table IX. Erfling”™ suggests however that the sub- 
stitution of C, for C, in the Griineisen relation per- 
haps mzy counteract the change of V.,/8 with tem- 
perature to give a y more in line with other ele- 
ments, but this does not improve the value for zir- 
conium. 

Perhaps a satisfactory answer to this problem has 
been given by Hume-Rothery” who has shown that 
another interpretation of Griineisen’s work is very 
successful in predicting volume changes in silver, 


13.90 
0.886 24.69 


) <x 10° = 1.2x10 per atm per °C 
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Fig. 11—Mean linear thermal-expansion coefficient Gm, for hex- 

agonal zirconium with 1.2 atomic pct Hf vs temperature. 

T—2 

copper, alurninum, iron, magnesium, and zine over 

a large range of temperature. In the Simon-Vohsen 

equation 


, ete. |. 


V;—V, 
Q, — kEy 


V, and V, are the volumes at T°K and absolute 
zero, respectively, and the thermal energy E, is 


E, = aT 


[4] 


while Q, and k are constants, k = y + 2/3. Using 
y 0.886, C, data from 14° to 298°K by Skinner 
and Johnston,” and calculated values of volume per 
atom at 273° and 298°K, V, = 23.08A* and Q, 
346,000 cal per mol are obtained from Eq. 4. Fur- 
ther low temperature experiments are anticipated 
in hopes of testing the validity of the Simon-Vohsen 
equation for zirconium. 

Childs” uses the Hume-Rothery classification of 
metals in a recent discussion of thermal expansion 
in anisotropic metals. While it can be said that zir- 
conium is a class I metal (having a structure in 
which each atom is surrounded by nearly equidis- 
tant neighbors, and having nearly isotropic expan- 
sion characteristics), yet, as its axial ratio increases 
toward the ideal for the closest packing of perfect 

1.63299 ...., the metal becomes 
more anisotropic. The extrapolated isotropic point 
is about —37°C, where the axial ratio is close to 
1.593 or 2.4 pct less than ideal. 
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Table 1X. Gruneisen’s » Calculated in Three Ways 


Calculated Reference 


Method Used 
Thermal-expansion compressi- 
bility and heat capacity, 
Eq. 3 


Heat of sublimation, interatomic 
distance, compressibility 
Compressibility constants 


sistance the experiment would not have been com- 
pleted. Work was performed at Massachusetts In- 
stitute of Technology Metallurgical Project under 
Contract No. AT(30-1)-981 with the United States 
Atomic Energy Commission. 
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Mathematical Methods for Zone-Melting Processes 


by Howard Reiss 


The zone-melting process in which redistribution of solute in a 
solid bar is effected by the passage of a molten zone is considered 
mathematically. Simple approximate techniques are developed for 
computing the manner in which redistribution occurs as molten 
zones continue to pass. The introduction of the “zone-melting flux” 
provides valuable insight into the nature of the phenomenon, as well 
as a central mathematical theme in terms of which the process can 
be discussed. Curves are presented for typical and general cases. 


N extremely efficient purification technique was 

described recently by Pfann.’ Known as zone 
refining, it consisted of the slow passage of a series 
of molten zones, produced by external heaters, 
through a long solid ingot of the substance to be 
purified. Equations were given for the maximum 
separation attainable, and a numerical computation 
method was described for obtaining the concentra- 
tion in the ingot after a given number of zone passes. 

The present paper offers an interpretation of the 
physical nature of zone melting in terms of a trans- 
port process in which formal diffusive and convec- 
tive flows occur. This interpretation, in addition to 
providing insight into the physical nature of the 
process, also provides a basis for its mathematical 
treatment. From this basis, useful equations are de- 
veloped for the solute concentration in the ingot as 
a function of the number of zone passes. These are 
applicable particularly where large numbers of 
passes are necessary and where numerical compu- 
tational methods might be laborious. 

All considerations will deal with the limiting form 
of the process, described by Pfann,' in which: 1—Dif- 
fusion in the solid is considered negligible. 2—Mix- 
ing in the liquid is supposed, complete. 3—The dis- 
tribution coefficient, k, measuring the ratio (at equi- 
librium) of solute concentration in the solid to that 
in the liquid is supposed, independent of composi- 
tion. In general, this paper will be concerned with 
a bar of uniform (actually unit) cross section, ex- 


: H. REISS is essocieted with Bell Telephone Laboratories, Murrey 
Hill, N. J. 

Discussion on this paper, TP 3806E, may be sent, 2 copies, to 
AIME by Jan. 1, 1955. Manuscript, Mar. 16, 1954. Chicago Meet- 
ing, November 1954. 
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tending in the x-direction from x = 0 to x L, 
where L may be infinite. 

Zone melting is a transport process, and as such 
must admit of interpretation in terms of a flux of 
transported quantity. However, the progress of 
operation is not measured in units of time but in 
terms of the number of completed zone passes. Con- 
sequently, the zone-melting flux will be a rate, per 
unit pass, rather than per unit time. The description 
of this flux and the examination of its properties is 
given below. 


Zone-Melting Flux 
Fig. 1 represents an intermediate stage of the nth 
pass. Concentration C is plotted against distance, x. 
The molten zone with its back at the point x and 
front at x + l moves in the direction indicated by 
the arrow. As it moves, it leaves behind the nth 


| ceo 


Fig. 1—Diagram for computing zone-melting flux. Shaded area 
represents the flux at x, i.e., the solute carried past the point x 
during the nth pass. 


* 
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4 

> 

Gan 

x 


distribution of solute, described by the curve C,, and 
eats into the previous distribution, C,.,. By virtue of 
the definition of k, the concentration of solute in the 
zone at x is 


C,(x)/k. [1] 


Solute can only be carried past the point x while x 
is in the molten zone. Before the zone front reaches 
x, the amount of solute between x and x + | is simply 


C,.,(z) dz. [2] 


When the zone back reaches x, all the solute which 
is going to move over x during the nth pass will have 
done so. At this stage the quantity of solute be- 
tween x and x + | is just that contained in the zone, 
by Eq. 1 


l 
 C,(x 3 
(x) [3] 
and thus the flux, f,(2), of solute per unit pass (at 


x at the nth pass) is the difference between Eqs. 3 
and 2 


l 
— C,.,(z) dz. [4] 


This function is well adapted for treating zone- 
melting phenomena. It provides the mathematical 
basis alluded to above. 

For normal transport processes which progress 
uniformly in time t, it is possible to develop an equa- 
tion of continuity’ based on the conservation of the 
flowing quantity. Thus if the transport by diffusion 
of a quantity whose concentration is C (x,t) is con- 
sidered, the continuity equation takes the form 

ec 
[5] 
Ox ot 
where f is the fiux of diffusing material. Advantage 
is gained by writing f explicitly in its dependence 
on C. Thus, if diffusion is the only means of trans- 
port and Fick’s* law applies 
oc 


[6] 


where the constant D is the diffusion coefficient. If, 


2 
DIFFUSION WITH > 


x 


Fig. 2—Diagram showing the consequences of convective flow as 
well as the combination of convective and diffusive flow. The 
sharp step indicates the manner in which redistribution would occur 
if only convective flow existed. The situation is shown after the 
completion of m passes. The step has been translated a distance vn 
to the right where v is the formal velocity. When diffusion is super- 
posed upon convection, the step is biunted, and the distribution after 
nm passes is represented by the dotted curve. 
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in addition, the diffusion medium is drifting at the 
velocity v then 


ot [7] 
ox 


The last of these, inserted in Eq. 5, yields 


eC oc 
D——vC = — [8] 
ot 
the partial differential equation governing the trans- 
port process. 

In this case the variable measuring the progress 
of operation does not form a continuum of values 
such as time does, but rather a discrete set, n, mark- 
ing the completion of zone passes. As a result, the 
continuity equation has the form 

of, 

ox 
Furthermore, Eq. 4 is the counterpart of Eq. 7 and 
insertion of the former in Eq. 9 yields 


k dx 


an equation, previously obtained by Read,’ for the 
case n C,, a constant. 

Eq. 10, applied to a bar for which L 
ject at x 0, to the boundary condition 


f,(0) = 0 


since no material passes x 0. 
this becomes 


k i 
C,.(0) Cc. i(z) dz. 


+ (x + l) [10] 


*, is sub- 


[11] 
In terms of Eq. 4 


[12] 


As the solution of Eqs. 10 and 12 for the case he 
treated, Read obtained’ 


= c.(1 + 1"). [13] 


When the bar is finite, and of length, L, 
f.(L) = 0 


must be had. Unfortunately, when x > L — l, the 
length of the molten zone is not constant, but be- 
comes L — x. The function describing the flux there- 
fore changes abruptly at x = L — l to 


[14] 


L-<zx 


f.(x) 


L 
C.(xz) -- f Cy.i(z) dz [15] 
and matters are no longer simple. It is recognized, 
however, that Eq. 14 is fulfilled automatically by 
Eq. 15. The solution of Eqs. 15 and 19 (valid in the 
region, L — |< x < L) is 


(L—zx)*" 
= C,(L — 
(x) ( ) 


the so-called normal freezing curve.** 


[16] 


Cases of k Close to Unity—Passage to a Continuum 


When k is near unity (0.9 < k < 1.1), a very large 
number of passes may be required before any ap- 
preciable redistribution of solute can be effected. 
Nevertheless, the ultimate redistribution may be 
considerable, and so zone-melting processes are im- 
portant in such cases. At the same time the repeated 
solution of Eq. 10 by numerical or graphical means’ 
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1 
Co 
4 
7 
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becomes unduly laborious, especially when the num- 
ber of passes runs into the thousands. In such in- 
stances, it is possible to replace Eq. 4 by an approxi- 
mation which is not only more tractable but which 
also furnishes satisfying insight into the basic nature 
of the transport phenomenon. 

This is achieved by noting that, for k close to 
unity, the curvature of C,(x) in 2, as well as its 
second differences in n, do not become large. This 
follows from the physical meaning of k. Under such 
conditions, it is permissible to regard the set of 
numbers n as a continuum. Then the equation of 
continuity, Eq. 9 becomes 


[17] 


Furthermore, it is possible to expand C(z,n — 1) in 
a Taylor series about the point x. Thus 


oC 
C(z,n — 1) = C(an—1) + ( —) (z—2x). [18] 


When Eg. 18 is substituted into the integral on the 
right of Eq. 4, the result is 


l 
f(x, n) —IlC(z,n—1) — 


For k sufficiently close to unity, very little error is 
committed by replacing C(x,n) in Eq. 19 by 
C(x,n—1). Then 


oc ) 
Cx 


[20] 


For the moment, the distance from unity k will 
not be considered while Eq. 20 remains valid, but it is 
necessary simply to utilize the expression as a work- 
ing equation. More will be said later on its limits 
of validity. Comparison of Eq. 20 with Eq. 7 brings 
to light the interesting fact that the zone-melting 
flux consists of a diffusion flow with diffusion co- 
efficient, 


[21] 


and a convective flow with drift velocity, 


l 
v= — (1—k): [22] 


Fig. 2 illustrates the consequences of both types 
of flow. If convective flow only had to be contended 
with, then a uniform initial distribution, C,, would 
be translated in the x-direction as a sharp step at 
the velocity v — l(1 — k)/k. This behavior is repre- 
sented in Fig. 2 by the solid curve with step at xr 
vn. Inclusion of the diffusive flow causes the sharp 
corner of the step to become blunted as material 
flows in the negative x-direction along the cencen- 
tration gradient. This effect is demonstrated by the 
broken-line curve. 

Several qualitative features related to the effi- 
ciency of zone refining are treated conveniently by 
reference to the flux constants D and v. For exam- 
ple, small values of k correspond (according to Eq. 
22) to large drift velocities; v will be positive, and 
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solute will be swept out of the front end (near 
x = 0) of the bar more rapidly. Hence, small values 
of k produce large refining efficiencies. On the other 
hand, large values of | correspond (according to 
Eq. 21) to large diffusion coefficients. Under these 
conditions solute can diffuse back to the front of 
the bar so as to neutralize the effects of small values 
of k. Hence, long molten zones reduce refining effi- 
ciencies. 

Values of k greater than unity produce negative 
drift velocities, but diffusion still opposes the con- 
vective flow. 

In a finite bar of length, L, there can be no flow 
through the ends. In the case of positive v (k < 1), 
solute is removed in the neighborhood of x = 0, and 
piled up near x L. Eventually a steady state is 
reached in which diffusion just balances convection, 
and the total flux is zero. In the matter of boundary 
conditions, the one at x 0 can be expressed, sim- 
ply, by asserting that f(0, n) given by Eq. 20 shall 
be zero. This agrees with Eq. 11. The boundary 
condition at x L is less simple, for beyond x 
L — | the flux must be expressed by 


rine 


2 Of 
(L —x)(1—k) 


[23] 


k Cle 


a relation which derives from Eq. 15 in the same 
manner that Eq. 20 derives from Eq. 4. The flux 
still is composed of diffusive and convective com- 
ponents, but both the diffusion coefficient 
L—z2x)’ 
D [24] 
2 
and the drift velocity 
(L —x)(1—k) 


[25] 


are functions of x. Since these coefficients both pass 
to zero as x goes to L, so does the flux. The last zone 
length of the bar, therefore, represents a region of 
increasingly high resistance (both flux coefficients 
become smaller) behaving somewhat like a diffi- 
cultly permeable membrane, becoming completely 
impermeable at x = L. This situation will be ideal- 
ized by assuming that D and wv are given (in the 
last zone) not by Eqs. 24 and 25 but by Eqs. 21 and 
22 until x L. To account for the impermeable 
membrane at x L, it is necessary, then, that 
f{(L,n) given by Eq. 4 shall be zero. 


Semi-infinite Bar with k Close to Unity 
Substitution of Eq. 20 into Eq. 17 yields* 


* It is instructive to derive Eq. 26 in another, less physical, man- 
ner. The right hand term of Read's Eq. 10 can be expanded in a 
Taylor series about the point (x,n) 


6c ac ec 
Cixr+in—1) = Cian +l ( ) ( ) ( ) 
ax 7 
on 


an 2 ax? 


Here the series has been broken off among the quadratic terms; in 
fact, only one of the three possible quadratic terms has been re- 
tained. The justification for this rather erbitrary procedure is 
based merely on the fact that terminating the series in this manner 
leads to the desired result; Le. when the above expansion is substi- 
tuted into Eq. 10, Eq. 26 is obtained 


l oC 
— (1 — k) —— 
k or 
The initial condition to be appended to Eq. 26 is 


C(x, 0) = C.. [27] 


[26] 


on 
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Fig. 3—Dimensionless plots to be used in describing the redistribu- 
tion of solute in a semi-infinite bar when k<1. 


Fig. 4—Dimensionless plots to be used ia describing the redistribu- 
tion of solute in a semi-infinite bar when k>1. Also to be used in 
conjunction with Fig. 3 in accordance with the instructions in the 
text for describing redistribution in a finite bar after a small number 


of passes. 


One boundary condition is obtained by setting 
(0, nn), specified by Eq. 4, equal to zero. Thus 


oC l 


+ —k)C=0,zx7=0 [28] 
and another boundary condition is 
C(o,n) = C,. [29] 


It is easy to show’ that the function which satis- 
fies Eqs. 26 through 29 is 


Cc e 
(1+A+€)erfe t | 
2 2 


where 


and in place of x and n the dimensionless variables 
(Eqs. 32 and 33) were used: 


2(1—k) | 
[32] 


and 


[33] 


Here erf y stands for the error function of y 


e s [34] 
Ve 

and erfc y is the complement of the error function 


f e “dz: 


Va 


Extensive tables of the error function are available 
in many places.”” 

Actually Eq. 30 is only a solution for k < 1, since 
it is based on the supposition that é > 0. It is evi- 
dent from Eq. 32 that é < 0 if k >1. It can be shown’ 
that for k > 1 the solution is 


—=U 1 + ert( + 
2 2 


erf y 


[35] 


erfe y = 


Within the framework of the approximations, Eqs. 
30 and 36 furnish closed expressions which describe 
the continuous deformation of an initial distribution, 
C,, as molten zones are passed. The equations, of 
course, refer to cases for which L «. Since the 
problem has been solved in dimensionless form, it 
is worthwhile plotting the results. This has been 
done in Figs. 3 and 4. Fig. 3 applies to cases for 
which k < 1. It consists of curves of U vs é out to 
values of é 10 for values of A between 0 and 24. 
Fig. 4 refers to k > 1, and consists of plots of U vs é 
out to values of & 4. \ values between 0 and 36 
are considered. The curves are plotted as reflections 
in the é 0 axis in the interest of a later applica- 
tion. 

By proper interpolation and use of the transforma- 
tions, Eqs. 31 through 33, it is possible to read, from 
these figures, the answers to almost any practical 
problem in which k is close to unity. In a typical 
situation k 0.95, I 1, and it is seen that the re- 
fining efficiency is relatively low. Thus A M“% cor- 
responds to an n of about 45. The curve for A M4 
shows that even after 45 passes the disturbance of 
the original distribution has only penetrated back 
tog=2orz 19 zone lengths, and the solute con- 
centration at x = 0 has been depressed to about 0.5 
of its original value. 

Wherever the curves of Fig. 3 do not represent 
fairly accurate solutions of the problem, they at least 
represent upper limits to the rapidity at which re- 
fining operations can be conducted. This can be seen 
from the fact that in passing from Eq. 19 to Eq. 20 
only the convective term in the flux is affected. For 
the semi-infinite bar 


C (zx, n) <C (x, n—1) [37] 


for all values of x. Thus the replacement of C(x, n) 
by C(2,n— 1) in going from Eq. 19 to Eq. 20 yields 
a convective term which is too large. As a result, 
solute is swept out of the region near x = 0 (accord- 
ing to Eq. 20) more rapidly than it is in the real 
process. 


Finite Bar with k Close to Unity 
Now, consider a bar of finite length, L. The set of 
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VE 
.| 7 2 2\ A 
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— exp - + 
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J) 
1056—JOURNAL OF METALS, SEPTEMBER 1954 Po 


conditions for which a solution is required, is 


2 
Ox On 
C(x, 0) =C, {39] 
ec 
—D +vC=0,7=0,r=L. [40] 


Here, the notation contained in Eqs. 21 and 22 was 
used. The above set is almost identical with Eqs. 26 
through 29 except that Eq. 29 has been replaced by 
the condition of zero flux at x L. The function 
which satisfies Eqs. 38 through 40 is® 


C(x, n) ( vL/D ) 
= + 


C. 


4v 


exp ( vx/2D — v'n/4D) 
(jx/L)[1— 
+ 


cos + vsin 
L L 


[41] 


where j is an integer. 

Unfortunately Eq. 41 contains an infinite series 
which converges very slowly for small values of n. 
For example, if k 0.95, l 1 and L 100, it is 
impractical to use Eq. 41 for values of n below 300. 
However, for small values of n, an entirely different 
formula, having no infinite series, can be derived in 
place of Eq. 41 as follows: 

Denote by y the value of € brought into corres- 
pondence with L by Eq. 32 


Call the function U defined by Eq. 36 for k > 1, U,. 
In it replace ¢ by y — €. Then call the solution, Eq. 
30, U,. Form the function 


U U, (€,4) + Us (y—€, A) — 1. [48] 
This function can be used in place of Eq. 41 until 
U,(y, 4) or U,(y,A) departs appreciably from unity. 
Beyond this point it is necessary to use Eq. 41, but 
by this time only a few terms of the infinite series 
are required. 

In employing Eq. 43, direct use of Figs. 3 and 4 
can be made. In fact, this is the reason why Fig. 4 
was plotted in a reflected manner. It is necessary 
only to bring zero on the abscissa of Fig. 4 into cor- 
respondence with y on the abscissa of Fig. 3, add the 
ordinates of both Figs. 3 and 4, and subtract unity 
from the result. 

In Fig. 5, a typical case has been plotted through 
the combined use of Eqs. 41 and 43. In this case, 


Table |. Values of C (0, »)/C, 


C (0, n) /Co 


0 
50 
200 
400 
1000 7 
2000 0058 
0.00045 


k = 0.9524, 1 = 1, and L 100. The ordinate repre- 
sents C(x, n)/C,. It is seen that the ultimate steady 
state distribution is not closely approached until 
more than 2000 passes have been completed. Never- 
theless, the amount of refinement possible is very 
considerable. In view of the extent of scale required 
to display all of the curves, the values of C(0,n)/C, 
cannot be read from Fig. 5 for large values of n. 
They are, however, as given in Table I. 


Limits of Validity of the Approximation—Extension to 
Smaller Values of k 
It is now possible to make some statement con- 
cerning the limits of validity of the approximation 
referred to in the preceding sections. By setting C, 
C,. = C in Eq. 10, Pfann' was able to derive C(x) 
for the steady state. His result is 


C(x) = Ae” [44] 
where A is a normalizing constant and B is given by 
k(e"'—1) = Bl. [45] 


This result is free of approximation except in one 
fact, i.e., it is only applicable to the interval, 0 < x 
< L—lL. This occurs because beyond L — I| the flux 
is given by Eq. 15 rather than by Eq. 4. 
It is noticed that as n ~ «, Eq. 41 tends to the 
form 
ser [46] 


which is identical with Eq. 44 if v/D can be set 
equal to B. When this is so, the real and approxi- 
mate solutions start by being identical and converge 
on the same limiting distribution. Under these con- 
ditions, it is reasonable to suppose that the approxi- 
mation is adequate. 


Now, by Eqs. 21 and 22 
v 2(1—k) 
47 
D kl 


so that the following is required 


10 T 


| 


Fig. 5—Progress of redistribution in a finite bar for the particular 
case k = 0.9524, / = 1, L = 100. The curves are plots of Eq. 41. 
Note that the ultimate distribution is not attained even after 2000 


posses. 
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[48] 


to be a fairly good solution of Eq. 45. Inspection of 
Eq. 45 reveals that B approaches zero monotonically 
as k approaches unity. Hence, as k approaches unity, 
a point is reached at which e”' in Eq. 45 can be ex- 
panded accurately by retaining no more than quad- 
ratic terms 


1 + Bl 4+ 


(Bl)* 
[49] 


When Eq. 49 is substituted into Eq. 45, a simple 
algebraic equation is obtained which can be solved 
immediately for B. The result is exactly Eq. 48. 
Therefore, the operation of the earlier generaliza- 
tion is observed, namely, that the approximation 
improves as k goes to unity. In addition, it is known 
now that k must be sufficiently close to unity so that 
Eq. 49 is valid. 

Just how close must this be? The answer depends, 
somewhat, on the value of L chosen for the finite 
bar, for a small discrepancy between the real B and 
B computed from Eq. 48 can cause appreciable error 
in Ae” if L is large. The best answer which can be 
given is that each combination of k, l, and L repre- 
sents a case by itself which can be examined by 
comparing the B determined by Eq. 45 with that 
determined by Eq. 48. As an example: if l 1 and 
L 100, the very lowest limit of k which can give 
anything like a reasonable result is about 0.9. Pre- 
sumably the highest limit will be about 1.1. The 
appearance of Eq. 49 in these considerations together 
with the definition of B contained in Eq. 48 shows 
that | plays no part in limiting the approximation, 
for Bl is independent of lL. 

The formal similarity of Eq. 44 to 46 suggests a 
method for obtaining a more accurate approxima- 
tion in the range of k where Eq. 41 becomes invalid. 
This approximation is an extension of an intuitive 
picture of what the molten zone does. It is imagined 
that the effect of the zone is equivalent to the opera- 
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Fig. 6—Comparison of the crude method described in “Limits 
of the Validity of the Approximation . . .” with Hamming’s 


method out to three passes. The lower curve for each pass has 
been obtained by Hamming’s method. The example chosen is 
for k = 0.5. 


1058—JOURNAL OF METALS, SEPTEMBER 1954 


tion of two opposing processes which balance when 
the ultimate distribution has been attained. Pfann’ 
was the first to express this thought by likening the 
process to the piling up of sand against a wall; the 
sand slides back to its original position more rapidly 
as the steepness of the pile increases. The earlier 
sections of this paper show that the picture can be 
formalized mathematically in terms of convection 
and diffusion as the two opposing processes when k 
is close to unity. Moreover, the similarity of Eq. 44 
to 46 demonstrates that, for any value of k, the ulti- 
mate distribution has a form which would result 
from a balance of convection and diffusion. In view 
of this, an attempt at an approximation of the two 
opposing processes (for any k) by convection and 
diffusion will be made. 

The values of the flux constants no longer will be 
determined by Eqs. 21 and 22. Instead 


[50] 


will be assumed arbitrarily where B is the true solu- 
tion of Eq. 45. In this way distribution based on con- 
vection and diffusion is forced to converge to the 
correct ultimate value. In order to make use of the 
equations and graphs of the earlier sections, it is 
necessary to know v and D separately. Toward this 
end the following procedure may be adopted: 

For a given set of conditions, the distribution 
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Fig. 7—Extension of the case of Fig. 6 out to six passes. 
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after the second pass is computed by Hamming’s 
method.’ (The choice of the second pass is quite 
arbitrary and founded merely on the fact that re- 
sults based on it appear to be satisfactory. Actually 
even better results are obtained if later passes are 
used. However the labor involved may then be pro- 
hibitive.) This can be done quickly in a matter of 
minutes. The values of v and D which satisfy Eq. 50 
are then adjusted so that c(0, 2), computed by means 
of the general Eqs. 30 or 41, agrees with the c(0, 2) 
obtained by Hamming’s method. Trial then shows 
that the use of Eqs. 30 or 41 in conjunction with the 
individual values of v and D, now available, pro- 
duces later curves which agree quite closely with 
those derived from Hamming’s method. 

In Figs. 6 and 7 plots of log c/c, vs zone lengths 
are given for an example in which k 0.5. The 
computations have been carried through the sixth 
pass. For any pass, the lower curve has been de- 
rived by Hamming’s method while the upper curve 
represents the approximation described above. It is 
seen that the agreement is quite good. 

Accepting the new approximation, Eq. 41 or the 
plots of Figs. 3 and 4 can be used to plot the curve 
belonging to the nth pass. The transformations Eqs. 
32 and 33 can be written directly in terms of v and 


D. Thus 
[51] 


n- [52] 


Exact Solutions for the Semi-infinite Bar 
for any Value of k 


Lord" has discussed exact solutions for the semi- 
infinite bar. The author arrived at the same result,” 
independently, checking Lord’s equations out to 
seven passes. The formulas derived may be applied 
with equal validity to a finite bar of length, L, over 
the region of x extending from x = 0 tox = L — nl. 
The reason for this is obvious. During one pass, the 
effect of the bar end at x L is carried back one 
zone length. Thus, after n passes, the effect extends 
back to x = L — nl. The region of the bar located at 
values of x less than L — nl is not yet aware of the 
end at x L, and the formula for the semi-infinite 
bar can be applied to it. 

The expression for C,(x) becomes impossibly 
complicated as n becomes large. On the other hand, 
the general expression for C,(0) is far less com- 
plicated and is found to be 


C,(0 ron 
= 1+n(k—1) —% 


(r—1)! 


In case k = 0.01, it is possible to obtain an accu- 
rate approximation to Eq. 53 which at the same time 
is much simpler than that equation. This can be 
achieved by noticing tht the second term on the 
left of Eq. 10 measures the amount of solute lost by 
the molten zone through precipitation at its back 
end in conformance with the ratio k. When this 
ratio is sufficiently small (less than 0.01), the 
amount lost is negligible compared to the amount 
gained by melting at the front end, this amount be- 
ing measured by the right side of Eq. 10. Thus, the 
second term on the left of Eq. 10 may be ignored, 
and the equation written as 
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dc, (x) k 


-=—C,, x+l 54 
( ) [54] 
Integration of Eq. 54 subject to Eq. 12 yields 
k 
C.(2) = [55] 


Starting with C,, formulas for C,(2) can be derived 
by repeated integration. This time both the integra- 
tions and resulting formulas are very simple, in- 
volving polynominals in x. Inspection shows that 
[(m + 1)k]" 


56 
(n + 1)! [56] 


C,(0) 


Summary 

In the preceding text, approximate methods have 
been developed for computing the solute-distribu- 
tion curve in a zone-melting process after an ar- 
bitrary number of zone passes have been completed. 
The method is based on resolving the effect of the 
molten zone into formal convective and diffusive 
flows which are opposed to each other and which 
balance when the ultimate distribution is attained. 

Besides furnishing insight into the fundamental 
nature of the zone-melting process, this resolution 
leads to an “easy” approximation in the sense that it is 
just as applicable to large numbers of passes at it is to 
small numbers. This feature overcomes the objections 
which could arise because of the crudeness of the 
approximation, for, although more exact approxi- 
mations are available, none of these are conveni- 
ently applied to large numbers of passes. Although 
crude, the method described in this paper gives re- 
sults which are at least of the correct order of mag- 
nitude (and may be very accurate for |k 1) and 
describes correctly the various qualitative aspects of 
the zone-melting process. Therefore it is suitable 
for design purposes. 
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Viscosity and Density of Liquid Lead-Tin And 


Antimony-Cadmium Alloys 


by H. J. Fisher and A. Phillips 


The influence of temperature and composition on the viscosity of high-purity liquid 
metals and alloys of the Pb-Sn and Sb-Cd systems was investigated by the logarithmic- 
decrement method. The variation of viscosity with temperature above the liquidus fol- 
lowed the equation: 1, — Ae’”’. No large increase in viscosity was found just before 
normal freezing of any of the metals or alloys investigated. Certain alloys, supercooled 
below their stable liquidus, however, did show a marked increase in viscosity. Experimental 
activation energies for viscosity were determined for the metals investigated. Liquid- 
metal density values were obtained by a modified Jaeger’s method. 


N an investigation of the properties of molten 

metals, the study of viscosity as a suitable means 
for studying the physical nature of the metallic 
liquid state has been utilized. Although interest in 
the relationship of the liquid to the solid-metal 
state holds promise of broadening the knowledge of 
metals in general, much information that is avail- 
able regarding the influence of temperature and 
composition on viscosity, especially near the freez- 
ing point, is still controversial. The purpose of this 
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paper is to present the results of recent work on this 
subject. 

Although interest in factors influencing the fluid 
behavior of metals and alloys has arisen from theo- 
retical as well as applied studies of liquid-metal 
properties, the development of a comprehensive 
theory of the mechanism of viscosity has been hand- 
icapped because so little is known about the liquid 
state. Several theories of viscosity have been pro- 
posed and among the more recent are those of 
Andrade,’ Bernal,’ Frenkel,’ Eyring,‘ and Gutmann 
and Simmons.’ Although these contributions have 
helped to establish a basis of approach for studying 
the nature of viscosity, the fundamental aspects of 
the variation of viscosity with alloy composition 
have, in general, been neglected. 


Experimental 


Metals and Alloys Investigated: The Pb-Sn and 
Sb-Cd alloy systems were selected for investigation 
because they form constitutional features of theo- 
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Fig. 1—Sectional diagram of furnace for molten- 
metal viscosity determinations. 


retical and applied interest, such as: 1—eutectics, 
2—alloys of limited solid solubility, 3—alloys in 
which solid solubility is almost nonexistent, and 
also 4— intermetallic compounds. 

Liquid-metal densities, required in the calculation 
of viscosity, were determined by the maximum bub- 
ble-pressure method, which is a modification of 
Jaeger’s method." 

Table I shows the analyses of the primary metals 
used, and Table II shows the compositions of the 
Pb-Sn and Sb-Cd alloys prepared for investigation. 

Viscosity-Measurement Method: Most well-known 
methods for measuring the viscosity of substances 
which are liquid at room temperature are generally 
unsuitable for measurements on molten metals. 

Of the several procedures available for use at 
elevated temperatures, the method commonly known 
as the logarithmic-decrement method was used. 
This is based on measuring the decay rate of suc- 
cessive amplitudes of oscillation of a cylindrical 
crucible suspended from a fine wire and oscillating 
in torsion about a fixed point. The movement of the 
container wall relative to the enclosed liquid im- 
poses a damping torque or drag. This damping is a 
function of the viscosity of the liquid and influences 
the decrement between successive oscillations of the 
crucible. 

This method of measuring viscosity has been ana- 
lyzed theoretically,” and used for studying the vis- 
cosity of molten cast iron,” as well as the effect of 
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Table |. Analyses of Tin, Lead, Cadmium, and Antimony 
as Reported by The Suppliers 


Impurities, 
t Pet 


* From British Metal <p. (Canada) Ltd., Montreal, Canada. 

** Percents refer to c....position of the primary metals. 

t From Consolidated Mining and Smelting Co. of Canada, Ltd., 
Trail, B. C., Canada. 

tt From Johnson, Matthey, and Co. Ltd., London, England. 


aluminum additions on the viscosity of a galvan- 
izing bath.” 

The apparatus is described with reference to the 
sectional diagram, Fig. 1. The metal under test was 
contained in a cylindrical alumina or porcelain cru- 
cible H suspended in a furnace into which hydrogen 
was introduced before the furnace was raised to 
temperature. The crucible, held within a cage, oscil- 
lated under the torsion of the suspended wire, C. 
The furnace assembly consisted of a 5-in. bore silica 
tube, 3 ft 6 in. long, noninductively wound with 
resistance wire so arranged that a uniform tempera- 
ture could be maintained in the crucible, H. The 
nominal crucible dimensions were: 10 cm height, 
3.9 cm internal diameter, and 1 mm wall thickness. 
Insulating bricks, Q and F, were placed below and 
above the hot zone. In case of crucible breakage, 
liquid metal could be trapped by a graphite con- 
tainer, P. 


STEEL PLATE HOLDING 
TOP INSULATION BRICKS 


“~~ CONTACT PONT 
WHEN SUSPENSION 
SYSTEM NOT CENTERED 


Fig. 2—Electric circuit for testing align- 
ment of suspension system. 
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The suspension system consisted of a 10-in. length 
C of tempered 0.010-in. diam silver-coated Be-Cu 
wire (Berylco alloy No. 25: 2 pct Be, 0.30 pct Co, 
and the balance copper) fixed at the top to a brass 
adapter, B, and to a magnesium disk, L, from which 
were suspended two thin steel disks located opposite 
externally controlled electromagnets, E, that were 
used for starting the oscillation of the suspension 
system, The amplitudes of oscillation were indicated 
on a millimeter scale by means of a beam of light 
and a cross-hair reflected from a small mirror at- 
tached to the oscillating system. The distance from 
the scale to the furnace was 12 ft. The maximum 
amplitude of oscillation was kept at less than two 
degrees. Crucible H was supported in a steel cradle, 
G, by means of a steel rod. A calibrated Pt—Pt-Rh 
control thermocouple was at T. Since it was not 
possible to introduce a thermocouple into the oscil- 
lating crucible without creating undesirable damp- 
ing effects, the uniformity of the metal temperature 
inside the crucible and the relationship to the tem- 
perature at the control-thermocouple position, T, 
were first determined. During viscosity determina- 
tions, the furnace temperature could be controlled 
to +%"C. 

The upper part of the apparatus and the whole of 
the suspension system could be removed as one unit 
at a rubber seal. An external signal-light system, 
attached to an electric circuit shown in Fig. 2, was 
used for testing the alignment of the suspension sys- 
tem after sealing the furnace. 

In order to keep the Be-Cu suspension wire and 
the rubber seals at a low constant temperature, 
water-cooling coils were provided at both ends of 
the silica tube. 

The atmosphere could be changed by means of 
openings at the top and bottom of the furnace. In 


Fig. 3—Diagram 
of furnace used 
for thermal analy- 
sis and liquid- 
metal density de- 
terminations. 


Table 11. Compositions of the Pb-Sn and Sb-Cd Alloys Prepared 
for Investigation 


Liquidus 
Tempera- 
ture,* °C 


38 


* Determined by cooling curves in the furnace used for density 


determinations. 
** By chemical analysis; balance by difference. 


order to counteract excessive vaporization of the 
liquid metals, the furnace was sealed and operated 
under hydrogen pressures greater than the vapor 
pressures” of the metals used. Since hydrogen is 
soluble in appreciable quantities in some liquid 
metals, the possible effect of dissolved hydrogen on 
viscosity was considered. Samples of tin, lead, cad- 
mium, and of several alloys at the cadmium-rich 
side of the Sb-Cd system, were heated for 48 hr in 
hydrogen below the freezing point in order to reduce 
any oxide contamination. Afterwards the metal was 
cooled to room temperature and viscosity determina- 
tions were made, first in argon, then later in hydro- 
gen. No difference in viscosity was detected in the 
metals for either atmosphere. Since the occlusion of 
hydrogen in solid antimony, cadmium, tin, or lead is 
doubtful,” it was considered that the samples which 
were heated in hydrogen and cooled to room tem- 
perature, before making viscosity determinations, 
were free of hydrogen when used later in the argon 
atmosphere. 

The coefficient of viscosity » was calculated from 
the relationship developed by Hopkins and Toye’ 


2 a 
s| +1] wr | 


p 


The constants A, B, and C in the equation were de- 
termined by the method of least squares by calibrat- 
ing the equipment with water and benzene at room 
temperature and with pure tin at three tempera- 
tures, for which accurate values of viscosity and 
density are available in critical tables. 

The symbols in the equation have the following 
meaning: 8 is the logarithmic decrement, T is the 
time of oscillation when the crucible contains molten 
metal, in sec, T, is the time of oscillation when the 
crucible is empty, in sec, » is the viscosity, in poises, 
and p is the liquid density in grams per cu cm. 

The depth of liquid was kept the same for all 
tests; the amount required was weighed before. All 
periods of oscillation were measured with an elec- 
trical timer which had a reading accuracy of 0.002 
sec. A porcelain crucible was used for the Pb-Sn 
system and a recrystallized-alumina crucible for the 
Sb-Cd system. 

This method of measuring viscosity assumes slip 
to be absent between the liquid and the crucible 
wall. Since the difference between wetting and non- 
wetting is actually a matter of degree, sufficient 
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Stable 
Liquidus 
Pb, Sn, C4, Sb, Tempera- 
Wt Pet Wt Pet Wt Pet Wt Pet ture,* °C 
84.97 15.03°* 
80.62 19.38°* 
69.77 30.23°* 
44.91 55.09°* 
37.95°° 62.05 
29.80°* 70.20 
9.72°* 90.28 
2.52°*° 97.48 
1.13°¢ 98.87 
0.62°* 99.38 
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eo 
| 
i= 
® | 
Rg 
1062—JOURNAL OF METALS, SEPTEMBER 1954 P| 


wetting of the crucible to overcome slip was con- 
sidered to be present during the tests. This assump- 
tion was made in view of the very good agreement 
obtained with the generally accepted values for the 
viscosity of tin and lead at various degrees of super- 
heat when crucibles of different materials such as 
porcelain, recrystallized alumina, and glass were 
used. 

In addition, the absence of turbulence in the 
liquids was established by obtaining a straight-line 
plot through the origin of the decrement vs the 
oscillation number. Turbulence was avoided by 
keeping the amplitudes of oscillation less than two 
degrees. 

On using the values of the apparatus constants 
A, B, and C and the observed values of the decre- 
ment in order to calculate the viscosities of the cali- 
brating liquids, the greatest discrepancy between 
calculated values and actual values was found to be 
0.0003 poise, which is within 1.5 pct, for example, 
of the accepted value for the viscosity of tin at 240°C. 

Samples of the Pb-Sn system prepared for vis- 
cosity measurements were homogenized in a nitro- 
gen atmosphere for 48 hr at 170°C before machining 
to the required size. All samples were degreased 
and examined for surface imperfections before use. 

The brittle nature of certain Sb-Cd alloys (from 
about 45 to 100 wt pct Sb) made machining to the 
required dimensions difficult. In order to prepare 
these alloys for viscosity determination, the re- 
quired amount was melted in an induction furnace 
and cast to the size required in a water-cooled 
graphite mold, using an argon atmosphere. 

In studying the relation of viscosity to constitu- 
tion, two accepted methods for selecting the temper- 
ature variable exist: 1l—using isothermal condi- 
tions, or 2—using a constant-temperature interval 
above the liquidus. It has been shown” that the for- 
mer method has advantages in thermodynamic 
studies of the liquid state, while the latter method 
is particularly suited for studying the effect of solute 
atoms on the viscosity of alloys.“ In view of the 
disagreement which exists regarding the influence 
of temperature on viscosity, in particular at temper- 
atures close to the liquidus, it was desirable to pro- 
vide a common basis for comparison with previous 
relevant data on viscosity measured at a constant- 
temperature interval above the liquidus. For this 
reason the latter method of controlling the tempera- 
ture variable was used. 

Density-Measurement Method: A modification of 
Jaeger’s®’ maximum bubble-pressure method was 
used for liquid-metal density determination. The 
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Fig. 4—Viscosity ol liquid lead, tin, and Pb-Sn alloys. 


TRANSACTIONS AIME 


TIN, ATOMIC PER CENT 


0260 
0250 — / Sous 
— 
.0240 
\ 
GN \ 
ABOVE 
4 
300 
3 
| }- 200 
bie) 
100 3 
SO 
TIN 


TIN, WEIGHT PER CENT 


Fig. 5—Influence of composition on the viscosity of the 
Pb-Sn system. Equilibrium diagram after Raynor.” 


furnace used is shown in Fig. 3. The metal under 
investigation was located in an alumina crucible, 
H. E is a water-cooling head, F a stainless-steel 
container for the crucible, H, J a refractory pedestal, 
L a thermohm temperature-control element, K a 
protective gas-inlet tube, and D a thermocouple. A 
vertically adjustable quartz tube, I, with a 2 mm 
bore, 3.5 mm OD, with tip ground and polished, 
was positioned above the liquid surface. 

To make a density determination, the end of the 
tube I is immersed about a centimeter below the 
surface; dry-hydrogen gas is applied slowly to the 
tube at A and the manometer pressure required just 
to detach a small bubble of gas from the tube is 
noted with a cathetometer. A second pressure read- 
ing is taken with the tube at a different depth in the 
liquid, the distance being measured with the cathe- 
tometer. With water as the manometer liquid and 
knowing the pressure difference required to detach 
a bubble at two different levels, the unknown liquid 
density can be calculated from the simple relation- 
ship 


H.D, = H.D, 


so that the unknown density 


H, x D, 


D, 
H, 

where D, is the water density in grams per cu cm, 
H, is the pressure difference in cm of H,O for de- 
tachment of a gas bubble when the capillary is 
immersed at two different depths, and H, is the dif- 
ference in the immersed length of tube in cm for 
two tests, corrected for the effect of tube immersion 
on the level of liquid. Since surface tension affects 
the bubble pressure equally in the two tests, it can- 

cels out when the difference is taken. 
The hydrogen used for forming the gas bubbles 
was deoxidized with a “De-Oxo” hydrogen-gas 
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Fig. 7—Logarithmic-decrement measurements on the Sb-Cd 
alloy, Cd + 55.46 pct Sb. 


purifier (a patented palladium catalyst) and the 
resulting water removed with calcium chloride, 
activated alumina, and magnesium perchlorate. 
Metals and alloys of the Pb-Sn system first were 
prepared under powdered charcoal in glass containers 
and chill-cast in small graphite molds. Room-tem- 
perature density determinations were conducted on 
samples 1 in. diam x 1 in., which were free of 
porosity and shrinkage holes. Samples for chemical 
analysis were prepared by shotting small amounts 
of the liquid into a cold bath of oil. Samples of 
metal from the Sb-Cd system which were used for 
liquid anc room-temperature density determinations 
as well as for chemical analysis were taken from 
small ingots chill-cast in an atmosphere of argon in 
an induction furnace. In addition to the argon, a 
thin cover of KBr/CdBr flux” was used to prevent 
drossing during the liquid-density determinations on 
the Sb-Cd system. 
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Fig. 8—Influence of composition on the viscosity of the Sb-Cd 
system. Equilibrium diagram after Murakami and Shinagawa from 
Hansen.” 


The equipment was checked by determining the 
density of mercury at room temperature. A density 
value of 13.54 grams per cu cm at 20°C was obtained 
which agreed well with the accepted value of 13.546. 


Results of Viscosity Measurements 


Pb-Sn System: The results of viscosity determina- 
tions on the Pb-Sn system are shown in Fig. 4. The 
composition-viscosity relationship for the Pb-Sn 
system is shown in Fig. 5. For the metals and alloys 
investigated in the Pb-Sn system, the temperature 
variation of viscosity was small and showed no 
sharp discontinuities. 

The influence of composition on viscosity indicated 
a marked viscosity minimum at the eutectic. At this 
composition the viscosity was interrnediate in value 
between the values of the eutectic components. At 
1°C above the liquidus, there was a slight tendency 
for the viscosity of the Pb-Sn alloys to increase with 
addition of small amounts of tin solute atoms. How- 
ever, this tendency disappeared at more elevated 
temperatures. 

Sb-Cd System: The results of viscosity measure- 
ments on the Sb-Cd system are shown in Fig. 6. 
This system was supercooled below the stable 
liquidus temperature by unagitated slow-cooling 
conditions in the viscosity furnace, and determina- 
tions were made on certain unstable alloys between 
their stable and metastable liquidus temperatures, 
denoted by L, and L,,.. In all cases the viscosity 
showed a greater rate of increase as the liquid region 
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below the stable liquidus L, was investigated. This 
region is indicated by the broken lines in Fig. 6. 

The sharp increase in viscosity below the stable 
liquidus is explained with reference to Fig. 7 where 
the logarithmic decrement for the Sb-Cd alloy, 
Cd + 55.46 pct Sb, is plotted vs temperature. As 
the temperature of the alloy was cooled below the 
stable liquidus, a distinct deviation from linearity 
was observed. This deviation continued below the 
metastable liquidus L,, until complete solidification 
of the alloy occurred at 395°C. Whereupon, the 
damping of the crucible was reduced sharply due to 
complete disappearance of the liquid phase. 

The viscosity-composition relationship foi the 
Sb-Cd system is shown in Fig. 8. Small additions of 
antimony (0.1, 0.50 and 1.10 pct) were made to pure 
cadmium to see if increases in viscosity would result 
in view of the lack of solid solubility of the antimony 
solute atoms in the solvent. However, with additions 
of antimony to cadmium, the viscosity decreased and 
reached a relative minimum viscosity at the eutectic 
near the cadmium-rich end. Increasing the anti- 
mony content produced a progressive increase in 
viscosity that reached a relatively large value at the 
region coinciding with the intermetallic compound 
(SbCd). 

There is little data on the viscosity of the Sb-Cd 
system except for some values for antimony” ” and 
for cadmium.” The variation of viscosity with tem- 
perature for all the pure metals investigated showed 
good agreement with previous work.” The values 
are compared in Table III. 


Results of Density Determinations 

The variation of liquid density with temperature 
for metals and alloys of the Pb-Sn system is in all 
cases very small as shown in Fig. 9. The change in 
density was about 0.6 pct for an increase of 50°C in 
temperature above the liquidus. The relationship of 
specific volume to composition is shown for the 
Pb-Sn system in Fig. 10. Three temperatures were 
used: room temperature (24°C), the liquidus tem- 
perature, and 400°C. At 400°C the Pb-Sn system 
showed almost ideal behavior. At lower tempera- 


Table II!. Comparison of Viscosity Values for Tin, Lead, Antimony, 
and Cadmium 


Viscosity, Poises 


Esser, Pres- 
Tempera- Greis, and Gering ent 
ture, Savuer- Bun- and Sauer- Investi- 
Metal °C gardt’ Stott” wald” gation 
Tin 240 - 0.0212 0.0191 . 0.0191 
260 - - 0.0182 - 0.0182 
280 - 0.0174 - 0.0175 
300 0.0168 0.0173 0.0167 0.0168 0.0167 
320 0.0158 -- 0.0160 0.0158 0.0160 
350 0.0152 0.0152 
Lead 330 0.0252 
350 - 0.0258 0.0265 0.0244 
370 - 0.0237 
380 - 0.0235 
390 0.0245 ~- 0.0232 
400 1.0233 0.0232 0.0229 
440 0.0212 - 0.0219 
Antimony 640 0.0145 0.0167 


Cadmium 350 -_ 0.0237 


380 =e 0.0249 
400 0.0217 0.0239 
450 — 0.0200 0.0234 
500 - 0.0186 - 
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tures such as at the liquidus and at room tempera- 
ture, some deviation from linearity was observed at 
the tin-rich end. However, this was not apparent at 
the lead-rich end. 

The influence of temperature on the density of 
metals and alloys of the Sb-Cd system is shown in 
Fig. 11. The decrease in density with increasing 
temperature for these metals and alloys ranged from 
0.75 to 1.56 pet for a 50°C increase in temperature 
above the liquidus. The relationship of specific vol- 
ume to composition for the Sb-Cd system is shown 
in Fig. 12. Three temperatures were used: room 
temperature (21°C), the stable-liquidus tempera- 
ture, and 100°C above the stable liquidus. The 
Sb-Cd system is shown with its metastable and 
stable-liquidus temperatures. The specific-volume 
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Fig. 9—Influence of temperature on density of lead, tin, and 
Pb-Sn alloys. 
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Fig. 10—Specific volume-composition relationship for the 
Pb-Sn system. Equilibrium diagram after Raynor.” 
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data shown for the Sb-Cd system at room tempera- 
ture are not accurate. This is due to the presence of 
expansion cracks in the cast ingots from which 
small pieces were used for density measurements. 
The expansion of certain Sb-Cd alloys is understood 
to be related to the unstable separation of the 
Cd,Sb, intermetallic compound,” which, during sub- 
sequent conversion in the solid state, disappears 
with the formation of considerable heat according to 
the following reaction: Cd,Sb.+Sb 3CdSb. It is 
interesting that the expansion in the solid state 
should take the same trend as the increase in volume 
in the liquid state, and that the expansion should 
be greatest in the region of the CdSb intermetallic 
compound which has a relatively high viscosity in 
the liquid state. Values for the densities of tin, lead, 
antimony, and cadmium are compared with those 
obtained by other investigators in Table IV. 
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Fig. 11—Influence of temperature on density of antimony, cadmium, 
and Sb-Cd alloys. 
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Kinematic Viscosity: In problems concerning the 
motion of liquids in geometrically similar conditions, 
the kinematic viscosity, i.e., the viscosity divided by 
the density, usually is considered to be more im- 
portant than the viscosity itself. In Figs. 13 and 14, 
respectively, is shown the relationship between kin- 
ematic viscosity and composition for the Pb-Sn and 
Sb-Cd systems. 

Activation Energy for Viscosity: The activation 
energy for viscous flow was derived‘ from 


= Ae’ aT 


E, the activation energy, is the experimentally de- 
termined quantity 


6'/T 


where R is the universal gas content, 1.9864 cal per 
°C per mol. 

The relationship of the log-viscosity values vs the 
reciprocal of the absolute temperature for the metals 
and alloys of the Pb-Sn and Sb-Cd systems is shown 
in Figs. 15 and 16. Table V shows the experimental 
activation energies for viscous flow for the Pb-Sn 
and Sb-Cd systems. Three Sb-Cd alloys, close to 
the intermetallic compound SbCd, were investigated 
at temperatures below their stable liquidus, and 
their activation energies are also listed in Table V. 


| x 2.3026 gram-cal per gram-atom, 


Discussion of Results 


Viscosity-Temperature Relationship: It has been 
considered” that most liquid metals follow some 
form of the equation » = Ae*’" in the relationship 
between viscosity and absolute temperature. Modi- 
fications to this formula have been suggested on 
theoretical grounds by Andrade’ and others.’ Ewell 
and Eyring‘ and Hinshelwood,” on the other hand, 
believe that there is little advantage in departing 
from the simplicity of this equation for considering 
experimental results. 

Generally, it has been assumed that the fore- 
going relationship between viscosity of liquid metals 
and temperature is valid to the freezing point of 
the metal. However, several investigators” have 
shown viscosity data for tin, lead, aluminum, zinc, 
and some binary aluminum alloys, which exhibited 


Table 1V. Comparison of Density Values for Tin, Lead, Antimony, 
and Cadmium 


Density, Grams per Cu Cm 


Day Pres- 
Tempera- Bir- Sesman ent 
ture, cum- and Green- Investi- 
Metal °C shaw” Hostetter™away'’ Arpi™® gation 
Tin 233 6.95 6.98 - -- 6.99 
280 6.92 6.96 6.95 
320 6.90 6.93 6.92 
360 6.87 6.90 6.90 
400 6.85 6.87 -- — 6.87 
Lead 328 10.64 10.69 10.68 
365 10.60 10.64 10.63 
400 10.58 10.60 - _- 10.59 
445 10.52 10.54 
Antimony 650 6.53 6.52 
670 6.52 6.51 
680 6.51 6.51 
690 — 6.51 6.51 
700 6.51 “= 6.50 
Cadmium 330 - 8.05 
350 _ 7.99 7904 8.01 
370 _ - 7.97 — 7.98 
400 794 7.96 
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Gin / Table V. Experimental Activation Energies for Viscous Flow 
SNS Sheer gh for Metals and Alloys of the Pb-Sn and Sb-Cd Systems 
Activation Energy, 
$ Gram-cal per 
aw Activation Gram-atom 
Energy, a 
= Gram-cal Above Below 
Composition, per Stable Stable 
t Pet Gram-Atom t Pet Liquid Liquid 
Sb 
© 2 4 53 © 100 Pure lead 1070 Pure cadmium 1700 
ANTIMONY, WEIGHT PERCENT Pb $15.03 Sn 1380 Cd + 0.55 Sb 1710 - 
Pb + 19.38 Sn 1320 Cd + 1.108b 1760 
Fig. 14—Kinematic viscosity-composition relationship for the Sb-Cd Pb +55.09 Sn 1290 Cd + 5.178 1800 _ 
system. Equilibrium diagram after Murakami and Shinagawa from = 
Hansen.” Pb +97.48 Sn 1450 Cd + 24.45 Sb 1720 
Pure tin 1400 Cd + 48.58 Sb 3140 —_ 
Cd +52.08 Sb 3470 9540 
much greater viscosity (particularly at the freezing asians 66 is 
point) than would be anticipated by the equation Cd + 64.92 Sb _ 
‘ Cd + 88.01 Sb 7130 — 
given. The reasons for this were attributed to possi- Cd 4+ 99.86 Sb 100 pon 


ble changes in liquid structure near the freezing 
point, or to the presence of suspended impurities. 
Recently it has been reported” that oxides, not 
changes in liquid-metal structure, were responsible 
for high viscosity results’ at the melting point. 
Fawsitt” conducted viscosity determinations on 
liquid tin at the melting point and, even in the pres- 
ence of partly solid metal, detected no sharp in- 
crease in viscosity. This also has been supported, 
in general, by Stott” who did not find any discon- 
tinuity as low as 6°C above the freezing point of tin. 

In the present work, liquid lead, tin, antimony, 
and cadmium, as well as Pb-Sn and Sb-Cd alloys, 
did not show any sharp increase in viscosity close to 
freezing. The hydrogen atmosphere used permitted 
measurements under conditions which would pre- 
clude oxidation. This was confirmed by the clean 
appearance of the metal in the furnace after a test. 
The variation of viscosity with temperature was 
always very gradual and showed no sharp discon- 
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4 
Pure antimony 4100 


tinuities. When only special cases of certain Sb-Cd 
alloys were supercooled below their stable liquidus 
temperatures, higher than normal viscosity was 
observed. 

On the basis of the present results on pure metals 
and their alloys, it would appear that the large in- 
creases in viscosity reported in other work at tem- 
peratures close to freezing may have been caused by 
suspended impurities, since the viscosity of a sus- 
pension is greater than that of the liquid phase 
alone. 

Nevertheless, in the present investigation, some 
support was given to the point of view that struc- 
tural groupings in the liquid state of certain metals 
and alloys might cause greater viscosity than would 
be anticipated near the freezing point. This is sup- 
ported by Honda and Endo’s” study of the diamag- 
netic properties of solid and liquid Pb-Cd alloys, 
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and by the viscosity results of others” on liquid Cu- 
Sn alloys, which indicated that viscosity variations 
may be related to atomic associations or to short- 
range ordering in the liquid state. 

Viscosity-Composition Relationship: Although 
numerous investigators have studied the effect of 
impurities and alloy additions on the viscosity of 
molten metals, it is still too early to establish gen- 
eral principles which would predict the effects of 
added elements on the viscosity of metals or alloys. 

The work of Sauerwald and associates”” estab- 
lished the existence of deviations of viscosity from a 
simple mixture rule. In addition, the results of some 
investigators” have given some reason to believe 
that: 1—In certain binary alloy systems, the addi- 
tion of low concentrations of the second component 
brings about an initial increase in the viscosity 
which apparently reaches a relative maximum- 
viscosity value near the composition which has 
maximum solid solubility. 2-—Viscosity is at a mini- 
mum at eutectic compositions. 

Although increases in viscosity near regions of 
maximum solid solubility have been reported,*™ the 
present work and other resalts describing the in- 
fluence of aluminum additions on the viscosity of 
zinc“ do not support this viewpoint. 

In the present investigation it was found that 
additions of the second component in binary sys- 
tems, which form regions of limited solid solubility 
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(e.g., the Pb-Sn system), did not cause a concomi- 
tant increase in viscosity near regions of maximum 
solid solubility. This is seen in Fig. 5 at the tin-rich 
and lead-rich ends of the viscosity-composition re- 
lationship for the Pb-Sn system. In this system a 
distinct viscosity minimum was observed at the 
eutectic composition where viscosity was intermedi- 
ate in value between that for the two components. 
At temperatures just above the liquidus (1°C), 
there was some tendency, which disappeared at 
higher temperatures, for the viscosity to increase 
with small additions of tin. The present results for 
the Pb-Sn system confirm those found by Pliiss,” 
Fig. 17. The maximum variation between his and 
present results is 7.4 pet. This could be accounted 
for by differences in metal purity or differences in 
experimental error. It is significant, however, that 
the general] trends of the two curves are similar. 

In the Sb-Cd system a viscosity minimum was 
found only at the eutectic composition at the 
cadmium-rich end. It is believed that the relatively 
high viscosity in the region of the intermetallic 
compound masked the effect of the eutectic at 59 pct 
Sb. Small additions of antimony (0.11, 0.55, and 
1.10 pet), which has no significant solid solubility in 
cadmium, decreased the viscosity of the alloy. The 
addition of 0.14 pct Cd to antimony had no apparent 
effect on the viscosity at the cadmium-rich end. It 
is possible that the impurities in the antimony, 
Table I, masked the effect of small amounts of 
cadmium. 

The occurrence in the Sb-Cd system of a relative 

iscosity maximum at the intermetallic-compound 
composition is interesting from the viewpoint of the 
mechanism of viscosity. Specific-volume measure- 
ments, Fig. 12, show that at this composition the 
volume of the mixture is greater than the total vol- 
ume of the components. If Eyring’s “hole” theory 
of liquid structure can be applied, the larger num- 
ber of holes made available by the expanded struc- 
ture should facilitate the ease with which an atom 
would move into an adjacent hole, due to the 
smaller resistance to shear in the liquid. However, 
this was not found to be the case, since the liquid 
alloy exhibited a relative maximum viscosity at the 
compound composition where expansion was the 
greatest. Since the application of pressure is known 
to cause an increase in viscosity due to compression 
of the liquid structure,“ the above anomalous in- 
crease is difficult to explain. It would appear that, 
besides the closeness of atomic packing in the liquid 
state, other factors about which little is known, 
such an interatomic forces or “bond lines,” also 
exert an influence on the viscosity. 


Table VI. Relationship Between Atomic Volumes and Activation 
Energies for Viscous 


Pet 
Difference 
in 
Activation 
Energy for 
Viscous 

Flew 


Atomic Activation 
Volume,* Energy, 
Cu Cm per Gram-cal 
Gram-atom per 
at 20°C Gram-atom 


Volume 


0.78 0 
12.3 
41.5 
0.70 
25.0 


* Metals Handbook. (1948) p. 20. Cleveland. ASM. 
** From Gebhardt and Becker™ data on the viscosity of Au-Ag 
alloys. 
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ANTIMONY 
Pet 
Differ- 
ence 
in 
Atemic 
— 
Ag 10.23 4200°* 
Au 10.2 4200°* 
Pb 18.27 1070 8 
oe Sn 16.26 1400 
Sb 18.34 4100 
Cd 13.0 1700 
Pb 18.27 1070 
Sb 18.34 4100 
‘ Sn 16.26 1400 4 
> Cd 13.0 1700 
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Fig. 17—Influence of composition on the viscosity of Pb-Sn 

alloys at a constant temperature of 280°C. Equilibrium dia- 

gram after Raynor.” 

Density and Specific Measurements: In all the 
cases studied, the change in density with increasing 
temperature was very slight. For the Pb-Sn system 
this change was of the order of 0.01 pct per °C. The 
relationship between the composition of the Pb-Sn 
system and the specific volume was almost ideal, 
particularly at more elevated temperatures above 
the liquidus. Some deviation, however, from the 
colligative relationship occurred at the tin-rich end 
that was not observed at the lead-rich end. 

The Sb-Cd system showed a greater degree of 
variation in density with changes in temperature 
than did the Pb-Sn system. The change in density 
ranged from 0.015 to 0.031 pct per °C. In addition, 
alloy formation in the Sb-Cd system created strong 
positive deviations in specific volume, indicating 
that the volume of the liquid metals is greater in the 
mixture than in the components. This supports the 
hypothesis that Sb-Cd alloys are’ associated in the 
liquid state.” The volume changes occurring in 
liquid metals have been explained on the basis of 
various mechanisms of bond formation” and struc- 
tural coordination in the liquid state.” The specific 
volume data for the Sb-Cd system at room tempera- 
ture, although not very accurate because of the 
presence of small expansion cracks in the solid- 
metal samples used for density measurements, were 
included in the data to show the similarity of the 
volume-expansion trends occurring with changing 
composition in the solid and liquid states. 

Activation Energy for Viscous Flow: The at- 
tempts’ that have been made to elaborate on the 
significance of the activation-energy term in the 
exponential relationship between viscosity and 
temperature suggest that it represents the energy 
required to break the metallic bond between atoms 
during formation of a hole in the liquid structure. 
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The activation-energy concept provides some basis 
for considering not only the influence of tempera- 
ture, but also the effect of composition, on the vis- 
cosity changes in liquid metals and alloys. How- 
ever, the participation of so many factors, such as 
resonating metallic bonds, atomic-size factors, and 
coordination numbers, as well as electronegativity 
effects, makes an analysis of the mechanism of vis- 
cosity difficult. Some speculation as to the factors 
involved nevertheless is worthwhile. 

Although high activation energies in general are 
associated with liquids of high viscosity, no such 
relationship was found for the pure metals investi- 
gated. For antimony, tin, lead, and cadmium, the 
viscosity at 1°C above the freezing point was in the 
following order: 1.70, 1.95, 2.52, and 2.83 centi- 
poises; while the experimental activation energies 
were: 4100, 1400, 1070, and 1700 gram-cal per 
gram-atom, respectively. The fact that tin and lead 
may exist in the liquid state in the incompletely 
ionized form, and also that antimony may exhibit 
less homopolar bonding during melting,” may ac- 
count for the lack of close relationship between the 
activation energy and the viscosity of these metals. 

From geometrical reasons, it might be considered 
that the greater the difference in atomic volumes of 
different atoms in the liquid state, the greater would 
be the difference in activation energy required for 
flow. That some such relationship does exist to a 
limited extent is indicated in Table VI where per- 
cent differences in atomic volumes and in activation 
energies are tabulated for several groups of metals 
for which activation energies for viscosity were 
determined experimentally. 

That only the first three groups—Au-Ag, Pb-Sn, 
and Sb-Cd—show reasonable agreement with the 
above relationship may be explained partly by the 
fact that tin shows an appreciable increase in co- 
ordination number on melting,” which may in- 
fluence its activation energy in the liquid state. With 
regard to antimony, no information on the change 
in coordination number on melting is believed to be 
available; but on melting, it probably also replaces 
its homopolar bonding, partially or totally, with 
metallic bonding. 

In the Pb-Sn system where the difference in 
atomic volumes is only about 12 pct, no large varia- 
tions in activation energies were obtained. In the 
Au-Ag system where there is no significant differ- 
ence in atomic volumes, no difference in activation 
energies for the metals or alloys was found.” 

In the Sb-Cd system, on the other hand, where 
the components differ in atomic volume by 41.5 pct, 
and also differ greatly in physical properties in the 
solid state, the activation energies of the metals and 
alloys vary by a factor of 10. From this it would 
appear that alloy systems similar to Pb-Sn and Au- 
Ag have almost constant activation energies due to 
the fact that the bonding energies and the mean co- 
ordination of the atoms in the liquid state are prob- 
ably the same at all compositions. 


Summary 


1—The effects of temperature and composition 
on the viscosities of high purity Pb-Sn and Sb-Cd 
alloy systems were investigated. 

2—The decrease of viscosity with increasing tem- 
perature was found to be very gradual even at 1°C 
above the freezing points of the pure metals, or 
above the liquidus temperatures of the alloys in- 
vestigated. 
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3—-The addition of small amounts of solute atoms 
which have no solid solubility in the solvent (e.g., 
antimony in cadmium) or limited solid solubility in 
the solvent (e.g., tin in lead or lead in tin), does not 
cause any concomitant increase in the viscosity. 

4—The presence of a minimum relative viscosity 
at eutectic compositions was confirmed. 

5—A viscosity maximum was found at the inter- 
metallic compound, SbCd. 

6—No present theory satisfactorily explains the 
mechanism responsible for variations in viscosity 
with composition changes. 
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Addendum 
Since this paper was submitted for publication, 
Gebhardt, Becker, and Dorner” have published vis- 
cosity data for pure aluminum which confirm the 
present results on the viscosity-temperature rela- 
tionship for pure metals near the freezing point. 
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N order to understand how alloying elements in- 
fluence hardenability through their effect on the 
rate of pearlite nucleation, it is advantageous to use 
a model to describe the mechanism of pearlite nucle- 
ation. The model which currently is most widely 
accepted has been described, among others, by Mehl 
et al.’* and by Hultgren.‘ Pearlite nucleation in- 
volves both the nucleation of ferrite and cementite.” ° 
Cementite nucleates first, followed rapidly by the 
formation of ferrite at the cementite-austenite inter- 
face. The conclusion that cementite is the first phase 
to form during the process of pearlite nucleation is 
based, in part, on the observation that proeutectoid 
cementite is continuous with pearlitic cementite and 
that the orientation relationship between proeutec- 
toid ferrite and austenite is not the same as that be- 
tween pearlitic ferrite and austenite.” ' 

Recently, Smith® has suggested that the dissimi- 
larity in orientation relations, instead of indicating 
the pearlite nucleation sequence, may be evidence 
that pearlite is nucleated in a grain adjacent to the 
one in which it is growing. Also, Modin’ has shown 
that ferrite in pearlite may be continuous with pro- 
eutectoid ferrite, and he has also shown that proeu- 
tectoid cementite is not always continuous with 
pearlitic cementite. Thus, it appears that the con- 
clusion that cementite always initiates the pearlite 
nucleation process is open to serious question. The 
author believes that important evidence on the ques- 
tion of how pearlite is nucleated exists in the rates 
of pearlite nucleation of different steels. The follow- 
ing is a review and analysis of this evidence. 

If the nucleation of pearlite is considered as re- 
quiring the nucleation of both cementite and ferrite, 
then the time to nucleate pearlite consists of the 
time to nucleate the first phase to form, plus the 
time to nucleate the second phase at the advancing 
interface of the first. In the absence of a visible pro- 
eutectoid constituent, the second phase must be nu- 
cleated very soon after the first. If cementite is the 
first phase to form, the time to nucleate pearlite will 
be approximately equal to the time to nucleate 
cementite. Since the nucleation rate of a phase pre- 
cipitating from solid solution increases with the 
degree of supersaturation, it would be expected that 
the rate of pearlite nucleation should increase with 
increasing carbon content. Digges” has shown that 
the reverse is true. He determined the quenching 
velocity necessary to suppress pearlite formation in 
plain carbon steels as a function of carbon content. 
His results showed that pearlite formation could be 
suppressed with lower quenching velocities as the 
carbon content of the steel increased, at least up to 
1.25 pet C, the highest carbon content he studied. 
Thus, it would appear that in plain carbon steels, in 
which pearlite is formed at the nose of the C-curve, 
the hypothesis that cementite nucleates first does 
not predict the observed change in nucleation rate. 
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On the Nucleation of Pearlite 


by M. E. Nicholson 


The validity of the current model of pearlite nu- 
cleation may be tested also by determining whether 
or not it predicts the relative influence of alloying 
elements on the nucleation of ferrite and pearlite. 
This can be done best by a consideration of the 
changes in a TTT diagram produced by a change in 
alloy content. Hultgren‘ suggests that the general 
shape of a TTT diagram, as well as what constitu- 
ents will form from austenite, can be predicted from 
the relative nucleation rates of ferrite and cement- 
ite. This is illustrated in the schematic diagram for 
a hypoeutectoid low alloy or plain carbon steel 
shown in Fig. 1. The C-curves for ferrite nucleation 
and for cementite nucleation are represented by AA’ 
and CC’, respectively, and the start of ferrite forma- 
tion and pearlite formation are represented by AX 
and BC respectively. Adopting the current theory, 
Hultgren suggests that between X and C pearlite 
forms directly from austenite, since cementite nucle- 
ates more rapidly than ferrite in this temperature 
range. Conversely, at temperatures above T,, ferrite 
is the first to nucleate and proeutectoid ferrite is 
formed. As proeutectoid ferrite grows, austenite be- 
comes enriched in carbon, so that the cementite 
nucleation rate is increased. As a result, pearlite 
nucleation above temperature T, is accelerated, be- 
ginning along BX and not along C’X. Temperature 
T, represents the temperature at which the nucle- 
ation rate of ferrite equals that of cementite. 

By extending this type of reasoning, using the 
principle that the nucleation rates of ferrite and ce- 
mentite increase with increasing supersaturation of 
austenite with respect to these phases, it should be 
possible to predict the influence of carbon content 
on the shape of the isothermal transformation dia- 
gram. For a slightly higher carbon content than 
that of Fig. 1, the curve AA’ representing the begin- 
ning of ferrite formation should be moved to the 
right, whereas the curve CC’ representing the begin- 
ning of cementite formation should be moved to the 
left. For hypoeutectoid plain carbon and low alloy 
steels, this prediction does not agree with existing 
data. Instead, as the carbon content is increased, the 
pearlite curve moves to the right along with the 
ferrite curve and always appears to join it tangen- 
tially. This behavior is demonstrated by the TTT- 
curves of a series of manganese steels" shown in Fig. 
2. In this figure, TTT-curves for four alloys con- 
taining 0.20, 0.40, 0.60, and 1.20 pct C are superim- 
posed. The curves are identified in the figure legend. 
The letters F, P, and C are used to indicate the start 
of ferrite, pearlite, and cementite formation, respec- 
tively. In these steels, it appears that the nucleation 
of ferrite and of pearlite are related processes. 

As a result of the foregoing evidence, it is pro- 
posed that the formation of pearlite be considered 
as follows: Either ferrite or cementite may nucleate 
from austenite, then grow until the remaining phase 
is nucleated at the interface between the growing 
phase and austenite. (The growth of the first phase 
to form is assumed to be accompanied by a compo- 
sition change in the adjoining austenite.) According 
to this model there are two modes of nucleating 
pearlite: 1—where cementite initiates the succession 
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of nucleation, and 2—where it is initiated by ferrite. 
Whichever phase nucleates more rapidly from aus- 
tenite will control the nucleation process. 

Whether pearlite is nucleated with a ferrite-in- 
itiated sequence or a cementite-initiated sequence 
can be inferred from the way in which the nucle- 
ation rate of ferrite and cementite vary with compo- 
sition. In the Fe-C system, shown in Fig. 3, at any 
temperature T,, the nucleation rates of ferrite and 
cementite will be zero at C, and C,, respectively. 
These are the concentrations of the extended solvus 
lines at T, where supersaturation is zero. As the 
carbon content decreases to the left of C,, the nucle- 
ation rate of ferrite increases, whereas for cementite 
the nucleation rate increases as the carbon content 
increases to the right of C,. At some point between 
C, and C, the nucleation rates of ferrite and cement- 
ite will be equal. This concentration has been des- 
ignated as C,. The locus of these points is repre- 
sented by the dashed line SL. Since ferrite nucleates 
more rapidly than cementite to the left of SL, in 
this region pearlite will be nucleated by a ferrite- 
initiated sequence. To the right of SL the process 
will be a cementite-initiated sequence. 
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Fig. 1—Schematic TTT diagram for hypoeutectoid steel. After 
Hultgren“ 
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Fig. 2—TTT diagram for 1.88 pct Mn steel of various carbon 
contents.” 


1072—JOURNAL OF METALS, SEPTEMBER 1954 


The position of SL is determined by the influence 
of temperature on the nucleation rates of ferrite and 
cementite. Data for these nucleation rates” are 
meager and of somewhat doubtful value for the car- 
bon concentrations pertinent to this discussion. 
However, the relative change in nucleation rates 
may be predicted from nucleation theory. Since, in 
plain carbon steels, the interfacial free energy is less 
between austenite and ferrite than between austen- 
ite and cementite,” and since the available free 
energy from the austenite-ferrite transformation in- 
creases with increased supercooling more rapidly 
than from the austenite-cementite transformation," 
the rate of ferrite nucleation would be expected to 
increase more rapidly than cementite nucleation. 
Under these conditions, SL assumes higher carbon 
concentrations at lower temperatures. 

In the system depicted in Fig. 3, a hypoeutectoid 
steel, C., will lie to the left of SL and therefore 
pearlite will be nucleated by a ferrite-initiated 
sequence for all temperatures. A slight increase in 
carbon content therefore will reduce austenite su- 
persaturation with respect to the initiating phase 
and will shift the ferrite as well as the pearlite line 
to the right as shown schematically in Fig. 4. 

In another alloy system the influence of alloying 
elements may be to reduce the nucleation rate of 
ferrite with respect to the nucleation rate of cement- 
ite as the degree of supercooling increases. Under 
such circumstances, the line SL will assume lower 
and lower values of carbon concentration as super- 
cooling increases as shown in Fig. 5. For a hypoeu- 
tectoid steel in this system of composition C,, the 
TTT diagram will have the appearance shown in 
Fig. 6. In this alloy pearlite that is formed from 
austenite below T, is nucleated by a cementite-in- 
itiated succession, since for this range of tempera- 
tures and compositions cementite nucleates more 
rapidly than ferrite. Above T,, pearlite is nucleated 
by a ferrite-initiated succession. Thus, the process 
of the nucleation of pearlite in this alloy is the same 
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Fig. 3—Hypothetical phase diagram for plain carbon steel show- 
ing line of equal nucleation rate of ferrite and cementite, SL. 
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Fig. 4—Schematic TTT diagram of plain carbon hypoeutectoid 
steel. 


as described by current theory. If the carbon con- 
tent is increased slightly, the ferrite curve will move 
to the right, the pearlite to the left, and the temper- 
ature where the ferrite nucleation rate equals the 
cementite will increase to temperature T,. 

When the time to nucleate the second phase in 
pearlite becomes appreciable, the simple approxi- 
mation that the time to form pearlite equals either 
the time to nucleate ferrite or cementite (directly 
from austenite) is no longer valid. Under such 
circumstances, the first phase to nucleate will grow 
as a proeutectoid phase. When this occurs, a more 
complex analysis is necessary, involving the growth 
rate of the proeutectoid phase and the nucleation 
rate of the second phase at the interphase boundary. 
Such an analysis is beyond the scope of this paper; 
therefore no attempt has been made to predict in 
Fig. 6 the influence of a slight change in carbon con- 
tent on the start of pearlite following the formation 
of a proeutectoid ferrite. 

The two-mode model of pearlite nucleation also 
may be applied to hypereutectoid steels. For tem- 
peratures and compositions lying to the right of the 
SL line, pearlite will be nucleated by a cementite- 
initiated process, whereas to the left it will be nu- 
cleated by a ferrite-initiated sequence. 

If nucleation of pearlite may be initiated by either 
ferrite or cementite, it is apparent that the influence 
of an alloying element on the nucleation of pearlite 
will be different, depending upon the mode of nu- 
cleation. For example, if pearlite nucleation is fer- 
rite-initiated, an alloying element will only influ- 
ence the pearlite nucleation rate if it retards the 
nucleation rate of ferrite. The maximum possible 
delay that could be produced by such alloying would 
be the difference between the time to nucleate ferrite 
and the time to nucleate cementite. In a low carbon, 
low alloy steel, where the nucleation rates of ferrite 
and cementite are very different, the time to nucleate 
pearlite can be greatly increased by decreasing the 
nucleation rate of ferrite. However, in a eutectoic 
carbon low alloy steel, such an alloy addition would 
have no effect because, although the time to nucleate 
pearlite by a ferrite-initiated sequence is increased, 
the time to nucleate pearlite by a cementite-initiated 
sequence remains unchanged. The difference in the 
effect of alloy on hardenability of a hypoeutectoid 
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Fig. 5—Phase diagram of high alloy steel showing hypothetical line 
of equal nucleation rate of ferrite and cementite, SL. 
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Fig. 6—Change in TTT diagram of high alloy hypoeutectoid steel 
produced by slight change in carbon content. 


and a eutectoid steel described above is clearly the 
difference observed when boron is added to steel.”’” 
Probably boron is less effective in increasing hard- 
enability in high carbon steels chiefly because it has 
a smaller effect on the nucleation rate of ferrite as 
carbon content increases. Nevertheless, the effec- 
tiveness of an alloying element which affects only 
the nucleation rate of ferrite or cementite is limited. 

On the basis of the two-mode model of pearlite 
nucleation, it would appear that in steels where 
hardenability is limited by the pearlite transforma- 
tion, the use of alloying elements to improve hard- 
enability would be most effective where a combina- 
tion of alloying elements were added which reduced 
both the nucleation rate of ferrite and the nuclea- 
tion rate of cementite. 
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The two-mode model of pearlite nucleation which 
has been discussed in the preceding paragraphs dif- 
fers from the model of Mehl'* and Hultgren‘ in that 
it proposes that either ferrite or cementite may in- 
itiate the nucleation of pearlite, depending upon 
composition and temperature. This two-mode model 
appears to be in accord with all of the observed 
structural relations and rates of pearlite nucleation. 
Such a model offers an explanation of the loss of 
hardenability effect with increasing carbon content 
observed in boron-treated steels. 
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Technical Note 


CCORDING to Hanemann’ the hardness of re- 
tained austenite in a 1.7 pct C steel is increased 
by subsequent tempering. He reported that the hard- 
ness of this constituent increases only slightly on 
tempering to 300°F, rises more rapidly above this 
temperature, and attains the same value as the tem- 
pered martensite present in steel at approximately 
480°F. The variation of hardness of both retained 
austenite and martensite with tempering tempera- 
ture as obtained by Hanemann’ is shown in Fig. 1. 
Hanemann attributes the increase in hardness of 
the retained austenite essentially to continued for- 
mation of fine needles of martensite on tempering. 
Although he did not explain the actual mechanism 
involved, work hardening of retained austenite by 
the plastic deformation associated with such mar- 
tensite formation appeared to be a possibility. 
Recently Lement, Averbach, and Cohen’ reported 
the existence of subgrains, about 1000A in diameter, 
in retained austenite and suggested that they may be 
delineated by a subboundary carbide. This raised 
the possibility that carbide precipitation might be 
responsible for the hardening reported by Hanemann. 
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Effect of Tempering on the Hardness of Retained Austenite 


by Philip Stark and B. S. Lement 


In view of these conflicting possibilities, an inves- 
tigation’ was carried out on a high purity, Fe-C 
alloy containing 1.7 pct C in order to clarify the 
nature of the phenomenon involved in the reported 
hardening of retained austenite. This investigation 
involved correlation of changes in microhardness 
and microstructure of the austenite as a result of 
tempering. Microhardness tests were made with a 
Tukon tester using a 25 gram load and a Vickers 
diamond. It was found that two groups of austenite 
hardness values were obtained after tempering at 2 
series of temperatures up to 450°F, which was the 
highest temperature at which retained austenite 
regions could be identified microscopically. One 
group represents a high hardness level which in- 


Fig. 1—Microhard- 
ness of martensite, 
austenite, and of their 
transition phases in 
a stee! of 1.7 pct C 
content as obtained 
by Hanemann.' 
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creases with tempering temperature, whereas the 
other is a low hardness level that remains essenti- 
ally constant. A greater amount of scatter in indi- 
vidual hardness readings was found for the high 
hardness than for the low hardness level. The hard- 
ness results are shown in Fig. 2. 

The fact that the hardness of some of the austenite 
patches failed to increase with tempering tempera- 
ture indicated that hardening of retained austenite 
does not occur uniformly, if at all. Therefore it was 
considered possible that the variation in hardness 
levels might be due to the variation in the size of 
the austenitic regions, the smaller regions exhibit- 
ing a higher hardness than the larger regions due to 
the anvil effect of the surrounding martensite. How- 
ever, in view of the fact that little variation in hard- 
ness was found in both the as-quenched and 100°F 
temper specimens, this explanation does not appear 
to be valid. 

Likewise, if precipitation of carbide at subbound- 
aries in the retained austenite were responsible for 
hardening, a uniform change in hardness normally 
would be expected. Even if nonuniform carbide 
precipitation occurred at low tempering tempera- 
tures, eventually all regions should show an in- 
crease in hardness with increase in tempering 
temperature. Since this was not observed, it was 
concluded therefore that, even if precipitation of 
a subboundary carbide actually occurred, it did 
not contribute to overall hardening. Conceivably, a 
hardening effect due to subboundary carbide pre- 
cipitation could be counterbalanced by the attendant 
softening effect due to carbon depletion of the inte- 
rior of austenite subgrains. 

Upon careful examination of the 450°F specimen 
under the microscope, some of the austenitic patches 
were found to contain a light etching constituent in 
addition to darkened martensitic plates, as shown in 
Fig. 3. The shape of the light etching constituent 
appeared mainly irregular although definitely acicu- 
lar in some cases. This constituent could only be 
distinguished from the austenitic matrix when the 
specimen was severely etched and a high magnifica- 
tion was used. The severe etching is believed re- 
sponsible for the relief effect appearing in the aus- 
tenite patches shown in Fig. 3. On retempering the 
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Fig. 2—Microhardness of austenitic regions as a result of tempering 
a 1.7 pet C steel. 
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Fig. 3—Micrograph 
showing the presence 
of untempered sur- 
face martensite in 
retained austenite 
patches. Modified 
picral etch. X2000. 
1—Surface marten- 
site. 2—Retained 
austenite. 3—Tem- 
pered volume mar- 
tensite. 


specimen at 450°F and re-etching without further 
polishing, it was observed that darkening of this 
light etching constituent occurred. Repolishing and 
re-etching this specimen resulted again in the for- 
mation of the light etching constituent. 

It is believed that this light etching constituent is 
what has been termed “surface martensite” by 
Balluffi.. According to Balluffi, surface martensite 
differs from the martensite that exists throughout 
the volume in that it forms at a new surface created 
by either mechanical polishing or electropolishing 
at a temperature below M,. Balluffi offered no ex- 
planation of the actual mechanism involved in sur- 
face martensite formation. 

The occurrence of surface martensite affords an 
explanation for the two hardness levels obtained on 
tempering the 1.7 pct C alloy. Hardness indenta- 
tions were supposedly made in regions containing 
only austenite. However, on retempering the 450°F 
temper specimen, it was observed that many of the 
indentations were actually made in areas containing 
both austenite and surface martensite; thus what 
was obtained in such cases was actually a composite 
hardness resulting from the contributions of surface 
martensite and retained austenite. This viewpoint is 
supported by the fact that the wholly austenitic 
areas in the retempered 450°F temper specimen 
were found, within experimental accuracy, to be 
equal in hardness to austenitic areas in the as- 
quenched specimen. Therefore, the observed in- 
crease in hardness of apparent austenitic regions is 
not due to an increase in hardness of the austenite 
only, but to the formation of surface martensite. 

The fact that the divergency between the high 
and low hardness levels increases with tempering 
temperature indicates that the formation of surface 
martensite is aided by prior tempering. However, 
Balluffi reported that tempering had no effect on 
surface martensite formation in high nickel steels. 
Either Balluffi’s conclusion requires modification be- 
cause of the difficulty in determining the amount of 
surface martensite present in an untempered speci- 
men, or else the 1.7 pet C alloy behaves differently 
from nickel steels with respect to surface martensite 
formation. 
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Ordering Reaction of the Cu.Pd Alloy 


by A. H. Geisler and J. B. Newkirk 


The alloy Cu,Pd has a disordered face-centered-cubic structure when quenched from 
temperatures between 478°C and the melting point (about 1100°C). Below 478°C an or- 
dered phase is stable. The results of a Debye-Scherrer X-ray analysis indicate that the 


ordered phase has a tetragonal unit poay > grgesey by the space group 
2, 
0.3). The orientation relationship between the face-centered- 


2 Cu in 2a, 2 Cu in 2f, 4 
8 Cu in 8k (x — O.1,y 


u in 4; (x 


P.. with 
- 0.6), 4Pd in 4j (x = 0.4, y = 0.2), and 


2 


cubic phase and the ordered tetragonal phase is given by: [100]..1 // [130]... 


[001 [001 Jats. 


The behavior of Cu,Pd is typical of ordering alloys except that the transformation is 
very sluggish. The increase in hardness and the microstructural and X-ray diffraction 
effects are interpreted in terms of coherency strains caused by the ordering. 


N anomalous construction in the Cu-Pd phase 

diagram (Fig. 1) was reported in 1939 and has 
been allowed to stand without further published at- 
tention since that time. The odd figuration about the 
composition 10 to 27 atomic pct Pd is derived mostly 
from the work of Jones and Sykes.’ Evidently sev- 
eral features of this binary system require further 
study if the constitutional forms are to be well 
understood. The present paper includes a study of 
one of these features, that is, the crystal structure of 
a single ordered alloy containing nominally 20 
atomic pct Rd. This choice of composition was sug- 
gested by the work of Harker and associates who 
determined the structure of Ni,Mo* and Ni,W.* The 
nature of the ordering process in Cu,Pd was studied 
also by observing the hardness, microstructure, and 
Debye-Scherrer patterns of specimens which had 
been aged at various temperatures after quenching 
from an initial disordering treatment. 


Experimental Methods 

A 20 gram ingot of Cu,Pd was made by melting 
spectrographically standardized copper from John- 
son, Matthey, and Co., and commercially pure 
(99.5+) palladium in an argon-filled quartz tube. 
Chemical analysis showed that the ingot contained 
80.0 atomic pct Cu. The ingot was rolled about 60 
pet to a strip 0.060 in. thick and was homogenized 
for 16 hr at 950°C in low pressure argon. Rods cut 
from the rolled strip were worked into wire 0.015 
in. in diameter, and specimens for hardness and 
microscopic examination were cut from the remain- 
ing strip. All specimens, with the exception of some 
of the wire, were given an initial disordering treat- 
ment by heating for 16 hr at 950°C, followed by 
water quenching. 

A 10 cm length of as-drawn wire was water 
quenched after being held in a temperature-gradient 
furnace’ for 89 days. Room-temperature Debye- 
Scherrer photograms were then made at points 
along the wire to determine the temperature below 
which the ordered phase was stable. Although the 
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ta 
Fig. 1—Cu-Pd phase diagram according to reference 9. 


accuracy of temperature determination in the gra- 
dient was only about +10°C, the temperature gradi- 
ent was sufficiently gradual that the sensitivity was 
much better and locations which had differed by as 
little as 1°C could be distinguished. An analysis of 
the crystal structure of the well ordered alloy was 
made by X-ray diffraction using a specimen cut 
from this wire. 

The change of Debye-Scherrer pattern as order- 
ing progressed was studied by using isothermally 
aged samples of initially disordered wires. The wires 
were sealed under low-pressure argon in small 
quartz tubes for heat treatment. After the aging 
treatment, the tubes were quenched in water and 
photograms were made at room temperature in a 
10 cm diam camera using filtered Cu kX. (A : 
1.5405A) 

Hardness was measured on a Vickers hardness 
tester using a 10 kg load and 2/3 in. objective lens. 
Reported values are the average of at least three 
impressions made on flat specimens 0.060 in. thick. 
After the hardness of a heat-treated sample had 
been measured, it was resealed in low-pressure 
argon and returned to the furnace for continued 
aging at the same temperature. In this way, two 
samples served for all aging times at each tempera- 
ture. Hardness specimens which had been aged 
500 hr or more were used for metallographic exam- 
ination after the final aging treatment. A dilute 
potassium-dichromate etching solution was used. 
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Fig. 2—Debye-Scherrer photograms 
of Cu,Pd. 


a—Quenched from above 479°C. 
Structure is disordered face-cen- 
tered-cubic. 


b—Initially as-drawn wire held 89 
days at 445°C, then quenched in 
water. Structure is ordered tetrag- 
onal. 


Table |. Summary of Behavior from Debye-Scherrer Survey 


Aging 
Tempera- 

ture, Aging 

°c Time Debye-Scherrer Pattern 

350 30 min Sharp face-centered-cubic only. 

350 5hr Sharp face-centered-cubic only. 

350 25 hr Sharp face-centered-cubic only. 

350 100 hr Sharp face-centered-cubic only. 

400 7% min Sharp face-centered-cubic only. 

400 30 min Sharp face-centered-cubic only. 

400 Shr Sharp face-centered-cubic only. 

400 50 hr Sharp face-centered-cubic only. 

Very slight diffuseness about 
high-angle doublets 

400 100 hr Sharp face-centered-cubic only. 
Very slight diffuseness about 
high-angle doublets 

450 7% min Sharp face-centered-cubic only. 

450 30 min Sharp face-centered-cubic only. 

450 5 hr Slight diffuseness about high-angle doub- 
lets 

450 50 hr Face-centered-cubic; high-angle doublets 
barely resolved; very weak sharp super- 
lattice lines 

450 100 hr Face-centered-cubic; high-angle doublets 
not resolved; very weak sharp super- 
lattice lines 

450 500 hr Sharp face-centered-tetragonal and super- 
lattice lines; resolved high-angle doub- 
lets. 

450 2136 hr Face-centered-tetragonal; high-angle 
doublets well resolved; sharp superlat- 
tice lines. 

Results 


The order-disorder transformation temperature 
was conveniently found by means of the wire which 
had been equilibrated in a temperature gradient. 
All patterns made at points on the wire which had 
been held above 478°C were characteristic of a 
disordered face-centered-cubic structure as shown 
in Fig. 2a. Those made at points held at lower 
temperatures contained superlattice lines and split 
main-lattice lines as in Fig. 2b. At points from 478° 
to 470°C, the superlattice lines became relatively 
stronger and the c/a ratio deviated more and more 
from unity. No evidence of a 2-phase temperature 
interval was found.’ The sensitivity of the method is 
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such that a 2-phase transformation range greater 
than 1°C would have been detected if present. The 
absence of a 2-phase range therefore may be taken 
as evidence that 20 atomic pct Pd is very close to, if 
not the, stoichiometrically correct composition for 
the structure which forms. From 470°C to the 
cooler end of the wire (430°C), there was no ob- 
servable change in the diffraction pattern. 

The wires which were isothermally aged for vari- 
ous times gave Debye-Scherrer patterns in which 
some of the face-centered-cubic lines remained 
sharp throughout the ordering process. Other lines 
became diffuse as aging proceeded. Those which 
became diffuse finally were resolved into two or 
more lines, indicating that structural equilibrium 
was probably attained. Unlike the behavior of 
Ni,W,* CoPt,® and CuAu,’ this sequence was charac- 
teristic of all aging temperatures tested, that is, 
350°, 400°, and 450°C. The development of the 
superlattice lines was coincident with the diffusion 
and subsequent resolution of the split main-lattice 
lines. A summary of the behavior from the Debye- 
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400°C Cu Pe INITIALLY HELD 
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VICKERS PYRAMID NUMBER 
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Fig. 3—Effect of isothermal aging on the hardness of initially 
disordered Cu,Pd. 
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Scherrer survey is given in Table I. Slow cooling 
from 450° to 300°C over a period of two weeks gave 
sharp face-centered-tetragonal lines and sharp 
superlattice lines. 

The hardness of the quenched disordered samples 
varied by as much as 15 numbers, which accounts 
for some of the scatter of data points in Fig. 3. It 
was evident, however, that the trend is definitely 
toward higher hardness with longer aging times. 
No clear evidence of overaging was found. 

The etched microstructure of disordered and 
quenched samples contained equiaxed grains with- 
out visible substructure except for occasional twin- 
ning, Fig. 4a. As ordering progressed, the grains be- 
gan to etch darker, due to an unresolvable sub- 
structure. Recrystallization at matrix grain bound- 
aries, such as that found in CoPt and other alloys’ 
after low-temperature aging, was not observed in 
the microstructure; but striations characteristic of 
ordered CuAu and CoPt were found in Cu,Pd which 
had been aged 1000 hr at 450°C, Fig. 4b. 


Table I1!. Atom Distribution of Cell Described by 
Space Group — Pam 


xyz — 000 00% 
% 
2. 840 42% 68% 
13% 39% 9.7% 
13% 39% 71% 2.7% 
Pd Atoms at 
420 680 8.4% 2.6% 


Crystal Structure of the Ordered Phase 

A portion of wire was cut from the gradient- 
annealed specimen and a Debye-Scherrer photo- 
graph was made at a point corresponding to about 
445°C. The position of each diffraction line on this 
pattern was measured and the relative intensities of 
the lines were estimated visually. The results are 
listed in columns A and B of Table II. The intense 
lines can be indexed as the main lines of a large 
ordered tetragonal cell as proposed by Jones and 
Sykes’ and shown in Fig. 5a. However, many super- 
lattice lines would be expected and the agreement of 
some of the predicted with the observed would not 
provide a convincing solution of the structure. 

Apparently the disordered face-centered-cubic 
cell (a, = 3.682A) becomes tetragonal (c/a<1) on 
ordering because the (ARN) lines do 
not split and each of the(h00) cacccontereacome lines 


~. 


™ 


o—Quenched from 950°C. 
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splits into two lines, the more intense being at the 
lower angle. The dimensions of the small face- 
centered-tetragonal cell (Fig. 5b) were calculated 
by Cohen’s method to be a = 3.685A, c = 3.664A + 
0.001A; c/a = 0.994. The values of 1/d’ for all planes 
for which @<90° were then calculated on the basis of 
this tetragonal cell. The Miller indices and 1/d’* 
values are listed in columns C and D of Table II. 
Since information was lacking concerning atomic 
distribution, a calculation of relative intensities was 
made with the assumption that 


F = 3fcu — fra if h, k, l, are all even or all odd 
and F = fe. — fo if h,k, l, are mixed even and odd. 


In doing this, it is assumed that the atoms are lo- 
cated as in ordered Cu,Au and that the extra 5 atomic 
pet Cu atoms are dispersed at random on the Au- 
sites and have a negligible effect on X-ray scattering 
from the lattice as a whole. The results of these 
calculations are listed in column E of Table II. Al- 
though the observed intensities and positions of the 
main-lattice lines agree with those calculated on the 
basis of this ordered tetragonal cell, there is serious 
discrepancy among the superlattice lines. Many 
lines were observed for which none is provided on 
the basis of the ordered face-centered-tetragonal 
cell. Therefore it must be concluded that this struc- 
ture is not correct. 

The next simplest cell is that proposed by Harker’ 
for Ni,Mo and shown in Fig. 5c. Using the elemental 
tetragonal cell determined from the main Debye- 
Scherrer lines in the pattern given by ordered 
Cu,Pd, the dimensions of the corresponding Ni,Mo- 
type cell were calculated from the relationship 


A =av\/5/2 = 5.826A 
C = c = 3.664A. 


The x’ and y’ axes of the large cell are rotated 
19.5° about the Z axis, common to the large and 
small cells. The indices, predicted positions and in- 
tensities of diffraction lines of this Ni,Mo-type cell, 
are listed in columns F, G, and H of Table II. Com- 
parison with the observed values in column A 
shows that the experimental pattern cannot be in- 
dexed on the basis of the Ni,Mo-type cell. 

If the height of the Ni,Mo-type cell were doubled 
and the atoms were redistributed as shown in Fig. 
5d, the 4:1 stoichiometry and the overall tetragonal 
symmetry would be retained. This cell is described 


hed from 950°C, followed by 1000 hr at 450°C, and air 
cooled. X500. Area reduced approximately 65 pct for reproduction. 


ring” 
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\ 
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Fig. 4—Microstructure of Cu,Pd. 
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a—Cu,Pd after 
Jones and Sykes." 
Atom distribution 
not known. 


c—Ni.Mo-type 
after Harker.” 


b 5.626 


b—Ordered face- 
centered -tetra- 
gonal Cu,Pd. 


d—2-high invert- 
ed Ni,Mo-type. 


Fig. 5—Various superstructures which have been considered for Cu.Pd. X, Y, and Z refer to the axial directions of the disordered face- 
centered-cubic lattice; X’, Y’, and Z’ refer to the axial directions of the ordered cell. a, b, c, and A, B, C refer to the dimensions of the 


disordered and ordered cells, respectively. 


by the space group C*,, — P,,,., with atom distribution 


as shown in Table III. The x and y parameters are 
derived directly from the symmetry of the large 
tetragonal cell.* If the atoms were displaced by 
having x and y parameters other than those given 
in Table III, these main face-centered-tetragonal 
lines would not be sharp. 


* To conform with conventional crystallographic notation, primes 
have been dropped from zx’, y’, and z’. Atom coordinates designated 
by x, y, and z in the remainder of the paper and in the abstract 
refer to the large tetragonal cell. 


The hkl-structure factors for this so-called 2-hi 
inverted Ni,Mo-type cells are: 


1—F = 4(fra + 4fo.) when 2h + k = 5n and 
h+k+tl=2nandl= 4n 
or 
h+k+tl=2nandl=4n+2 


2—F = 4(fea — fou) when 2h + k = 5n and 
in +s 
or 
|h+k+l=2nandl=4n 


3—F = 2.2 (fra = fox) when 2h k = 
5n and l = 2n + 1. 


4—F = fra — fon when 2h + k = 5n andl = 2n. 
5—F = 0 when 2h + k = 5nandl!1= 2n + 1. 


The relative intensities (F*p), where p is the mul- 
tiplicity of equivalent planes, were calculated using 
the approximation that fra = 2f... These, with the 
Miller indices and the line positions for the cell in 
Fig. 5d, are listed in columns I, J, and K of Table II. 

The values of (F’p) for the three types of unit cells 
discussed above have been normalized on the basis 
of the 200 reflection of the simple face-centered- 
tetragonal unit cell, since this is a main-lattice line 
for all three structures. The agreement between 
observed and calculated values for line position and 
intensity is best for the 2-hi inverted Ni,Mo-type 
cell, although some intensity inversions still occur. 

An attempt was made to explain the discrepancies 
between I,,,. and I.,,.. for the 2-hi structure by cal- 
culating the effect of errors in ordering upon the 
intensity of the questionable reflections. Five differ- 
ent types of errors are possible and are shown in 
Fig. 6. Wherever a serious intensity inversion oc- 
curred, the value of F’ for the reflection was recal- 
culated, assuming one of the errors to be present. 
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Fig. 6—Various types of ordering errors due to atomic 
interchange in Cu.Pd. 
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Fig. 7—Formation of the structure-type Li, (ordered Cu,Au-type) 
lattice from the ordered Cu,Pd lattice by composition adjustment 
and the operation of type-! atom interchanges. 


The ratio of the recalculated intensity to the original 
intensity without errors was determined for each of 
the errors, and the average of all five was found for 
a given hkl reflection. These values are listed in 
columns L through Q in Table II. Although not all 
the intensity anomalies are explained in this way, 
in most cases the average effect of the errors is to 
improve the agreement between the observed and 
the calculated intensity. Even when allowance is 
made for errors in the ordering, complete agreement 
between observed and calcuiated intensities is lack- 
ing, and therefore the results are not fully satisfy- 
ing. Still, of the four unit cells considered here, the 
last is the most probable and it is therefore offered 
for general consideration. 

By introducing various types of changes analo- 
gous to the above errors and by varying the com- 
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position in increments of 5 atomic pct, ordered 
tetragonal or cubic cells, which have stoichiometric 
Pd to Cu ratios based on any integral partitioning 
of the two species among a total of twenty atoms, 
may be built up. For example, the crystallographic 
relationship between the Cu,Pd cell and the Cu,Au- 
type cell can be speculated upon. By suitable intro- 
duction of type-I errors and the addition of the 
necessary 5 pct Pd atoms, as indicated in Fig. 7, the 
well-known ordered Cu,Au-type lattice is produced. 
This line of thought might lead to the explanation 
of other unusual crystallographic features of this 
system in the composition range 10 to 40 atomic 


pet Pd. 
Conclusions 

At temperatures between 478°C and the melting 
point, Cu,Pd has a_ face-centered-cubic lattice 
(a, = 3.682A) with random distribution of atoms 
upon the lattice sites. This structure can be retained 
by quenching from above 478°C to room tempera- 
ture. Below 478°C the ordered phase is stable. It is 
proposed that the unit cell of the fully ordered 
lattice contains 20 atoms arranged in a tetragonal 
structure. (A = B = 5.826A, C = 7.328A). This 
structure is described by the space group C’u — Pa» 
with 2 Cu in 2 a, 2 Cu in 2 f, 4 Cu in 4 j (x = 0.2; 
y = 0.6), 4 Pd in 4j (2 = 0.4; y = 0.2), and 8 Cu 
in 8k (x = 0.1; y = 0.3). The orientation of the 
ordered structure with respect to the parent disor- 
dered lattice is given by the relationships: 


[100 // 
[001 // [001 Jars. 


The behavior of Cu.Pd is typical of ordering alloys 
with regard to changes in hardness and microstruc- 
ture occurring during the ordering process. How- 
ever, in spite of the relatively high ordering tem- 
perature, the alloy orders very slowly. There is no 
evidence of overaging (i.e., softening) even in the 
sample held for 1000 hr at a temperature only 28° 
below the disordering temperature. The slow reac- 
tion rate may be due to the large unit cell and at- 


tendant long atomic-interaction distances. The 
slight hardening induced by ordering is due pre- 
sumably to coherency strains which accompany the 
reaction. Such strains also could account for the 
diffusion of the coherent X-ray scattering, observed 
as a gradual shift in position of Debye-Scherrer 
lines, and for the self-deformation found in the 
striated microstructure. 
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Technical Note 


Method of Using a Fine-Focus X-ray Tube for Examining 
The Surface of Single Crystals 


by L. G. Schulz 


HE possibility of using reflected X-rays to pro- 

duce images of crystals was explored by Barrett’ 
who developed simple experimental procedures for 
X-ray microscopy and who showed by numerous 
examples the great range of information that could 
be made available. In his method characteristic 
radiation is used to produce an image of a limited 
area of the sample on fine-grained film, this image 
subsequently being enlarged approximately X100. 
A somewhat different method will be described 
here;’ white radiation from a fine-focus X-ray 
tube** is used to produce an image of a relatively 
large area of a single-crystal surface. 


* The tube was constructed according to the design of Ehrenberg 
and Spear.’ 


As shown in Fig. 1, the single-crystal sample is 
placed at an angle of about 25° to the axis of a 
diverging X-ray beam. To satisfy the Bragg condi- 
tion, a different wave length is required for each 
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SAMPLE 
~ 
Fig. 1—Experi- 
mental arrange- 
ment showing po- J / 


sition of X-ray 
source, sample, 
and photographic 
film or plate. 


J/\\ 


part of the sample; therefore, white radiation is 
needed. The resolution in the image formed on the 
photographic film will depend on the size of the 
focal spot of the X-ray tube. If the sample is made 


~L. G. SCHULZ is associated with the Institute for the Study of 
Metals, The University of Chicago, Chicago. 
TN 228E. Manuscript, June 7, 1954. 
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up of subunits with slightly different angular orien- 
tations, each unit will form its own image, as shown 
in the smaller diagram at the lower right, Fig. 1. 
On a photograph the boundaries between these re- 
gions are indicated by gaps if they form ridges on 
the surface, or as overlaps if they form valleys. In 
the example in Fig. 2 the largest angular displace- 
ment is about 3 min; also visible are marks due to 
scratches and inclusions. 

For uniform magnification over the whole area of 
the sample, the film is placed parallel to the sample 
surface. This requires careful alignment and the use 
of single-emulsion film or a plate. If a subregion is 
rotated through a small angle ¢ about a vertical axis 
(normal to the plane of Fig. 1), the gap, or overlap, 
on the photograph will be 2¢S/sin 6. Here S is the 
separation of the plate and sample (usually about 
6 in.) and @ is the angle of incidence of the X-ray 
beam on the reflecting planes of the sample. If the 
subregion is rotated about a horizontal axis, the gap 
will be 24S sin @. Thus, even though the magnifica- 
tion in the parallel position is uniform, the effects of 
angular displacements will show much more promi- 
nently (by a factor of 1/sin 6) if the rotation is 
about the vertical axis, as is evident from the images 
of subunits shown in Fig. 2. For a rapid survey the 
more easily attained position P’ was used; the gaps 
were then 24S and 24S sin 6, respectively. In this 
position, however, the magnification is greater in the 
vertical direction than in the horizontal. 

The photographs of Fig. 3 made with the film in 
the parallel position show some of the principal fea- 
tures of metal crystals. With a sufficiently large 
film, a series of images such as those in Fig. 2a is 
obtained. Since each reflection is for a different 
geometry, it is possible to obtain a rough idea of the 
three-dimensional structure of the sample. The 
white lines in one of the upper patterns were pro- 
duced by characteristic radiation of the tungsten 
target. The boundaries of the gross defect at the 
center of Fig. 2b could be seen by direct visual in- 
spection, as the displacement amounted to about 20 
min of are. Patterns of crystals grown by strain- 


Fig. 2—Photograph taken in parallel position of the cleavage sur- 
face of NaCl sample roughly 1 in. on an edge. 
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Fig. 3—Photographs of Al crystals. a and b are of crystals grown 
from the melt. c and d are of crystals grown by strain-annealing. 


annealing, Fig. 2c and d, show clearly the wavy 
nature of the lattice which seems to be common to 
crystals of this origin. (The small lighter reflections 
in c also show the wavy lattice.) The main crystals 
had been punched with a fine needle; the diameter 
of the distortion was about five times that of the 
needle. 

Some practical details follow: To obtain good pat- 
terns of a metal sample, it is essential to remove 
completely (by etching) all cold-worked or defec- 
tive material on the crystal surface. Exposure times 
varied from 30 to 60 min with a tube input of 200 
microamp at 35 kv, using no-screen-type X-ray 
film. With ionic crystals, subregions rotated by as 
little as 15 sec could be detected. For metals the 
sensitivity was less because, in addition to sub- 
boundaries, the lattice showed continuous curva- 
tures as in Figs. 3c and d. The angle of incidence 
of the X-rays on the sample should be kept below 
30° to avoid excessive fogging of the plate. Tung- 
sten was usually found to be most suitable as the 
target material; however, its characteristic radia- 
tion produced excessive fluorescence of zinc, making 
it necessary to switch to a copper target for samples 
containing zinc. 
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Mechanism for the Origin of Recrystallization Nuclei 


by John P. Nielsen 


When two grains in a polycrystalline specimen meet at a point in the course of grain-boundary 
movements, and the new boundary created at the point is one of relatively low specific free energy, 


a nonequilibrium boundary condition occurs. The nonequilibrium is enhanced if the other grain 
boundaries involved at the point of meeting are relatively high in specific free energy. The nonequi- 
librium results in a correction by growth of the complex grain (two subgrains) to a large size, suffi- 
cient in many cases for it to become a self-propagating unit, i.e., a recrystallization grain. This 
mechanism, herein called “geometrical coalescence,” is proposed as a logical origin for recrystalliza- 


ECENT publications'* indicate that considerable 
progress has been made toward a complete un- 
derstanding of the three microstructural processes 
in metals: recovery, recrystallization, and grain 
growth. However, a major problem persists, namely, 
the origin of recrystallization nuclei. It is generally 
accepted that once a recrystallization nucleus, a sec- 
ondary recrystallization nucleus particularly, has 
reached a certain size, it will continue to grow at the 
expense of its neighbors, simply as a consequence of 
grain-boundary free-energy considerations. What 
has remained obscure, however, is the mechanism 
whereby such a nucleus comes into being and grows 
to the self-propagating size. 


Recrystallization Nucleation in a Two-Dimensional 
Grain-Boundary System 

In the left portion of Fig. 1 is shown schematically 
the meeting of grains 1 and 4 on disappearance of 
boundary 2-3, i.e, the boundary that existed be- 
tween grains 2 and 3, as might happen in the course 
of normal grain-boundary migration. If, by chance 
“J. P. NIELSEN, Member AIME, is Associate Professor, Dept. of 
Chemical Engineering, New York University, New York. 

Discussion on this paper, TP 3841E, may be sent, 2 copies, to 
AIME by Jan. 1, 1955. Manuscript, Mar. 15, 1954. Chicago Meet- 
ing, November 1954. 
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tion nuclei, particularly for secondary recrystallization. 


Fig. 1—On the left, grains 1 and 4 meet to form a subboundary of 
very low energy, resulting in the coalesced complex grain 0 at the 
right with grains 1 and 4 as subgrains. Grains 2 and 3 have 
disappeared. 


—and the probability is not necessarily small— 
grains 1 and 4 are close together in their mutual 
orientations, or in some other special way mutually 
ofiented so that the new common boundary has rela- 
tively a very low specific free energy (hereinafter 
referred to by a), then the grain boundary arrange- 
ment as depicted in the figure is highly unstable. 
This is particularly so if boundaries 1-3, 3-4, 4-2, 
and 2-1 are high in their o values. Assuming, for the 
sake of argument, that boundary 1-4 has a o equal 
to zero, and the o’s of all the other boundaries pres- 
ent are equal to each other and constant, then the 
boundary arrangement on the right in Fig. 1 will be 
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developed. Here grains 1 and 4 have now coalesced 
into complex grain 0. This grain is still unstable be- 
cause of the boundary curvatures and the inability 
to produce equilibrium junctions at the vertices. 
Furthermore, the instability is such that the grain 
attempts to grow larger. In effect it has become a 
spurious grain consuming its neighbors, just as 
occurs in recrystallization. 

For the purposes of convenience, this type of 
mechanism, in which a large complex grain is cre- 
ated that is self-propagating as a result of two 
grains coming in contact and creating relatively a 
very low « common boundary, will be herein labeled 
“geometric coalescence.” It can be shown that such 
a coalescence may create a complex grain that in- 
creases to approximately four times the area of the 
starting area of either of the two equal cells. For a 
similar coalescence in three-dimensional cells, the 
increase is about nine times the volume of either 
starting cell. More generally, in the three-dimen- 
sional case, the volume increase is approximately 
4/3 w(3R’r + 3Rr’ + 17°), where R is the radius of 
the principal body, and r the radius of the body be- 
ing coalesced. The number of sides also increases 
with the increases in size. 

A detailed analysis of the geometric coalescence 
and growth process is shown in Fig. 2 in nine stages 
indicated by the different line symbols labeled A 
through I. In the construction of these stages, the 
adjustments from one stage to the next were made 
consistent with the maximum decrease of boundary 
free energy per adsorption of a unit of area by grain 
0. For example, the vertices of grain 0 furthest from 
the equilibrium 120° arrangement and the bound- 
aries of greatest curvature, as they developed for 
any one stage, were given the largest corrections for 
the development of the next stage. Precise sym- 
metry was not adhered to. For example, grain 2 in 
Fig. 2b is shown to diminish from a four-sided to a 
three-sided grain between stages D and E. Precise 
symmetry would have required a reduction to a 


two-sided grain, by virtue of boundaries 2-7 and 2-6 
disappearing simultaneously. Finally, a second geo- 
metrical coalescence is introduced, giving additional 
impetus to the 0 grain growth. This is shown at the 
H stage where grain 0 encounters grain 15, assumed 
to be oriented in such a way that another very low 
o boundary with the 0 grain is produced. 

At stage I grain 0 has developed 23 sides and its 
desire to consume its neighbors continues to increase. 
Successive stages become more and more tedious to 
construct, but by stage I all features of the mech- 
anics of the origin and growth process for grain 0 
have been encountered. When grain 0 becomes very 
large, it will tend toward a circular shape with 
peripheral distortions where further geometrical 
coalescences are being consummated. 

If it is assumed that the right portion of Fig. 1 is 
the consummation of the geometrical coalescence 
initiated in the left portion, the subsequent growth 
is self-propagating for several reasons: 

1—As shown by von Neumann,’ the driving en- 
ergy for growth of a cell large in relation to its 
neighbors is equal to 2o0Xa,, where Xa, represents the 
total curvature of the n boundaries of the 0 grain, 
which in turn is equal to (n-6)a/3. This is true on 
the assumption that all vertices of the 0 grain have 
equilibrium angular arrangement at all times and 
all boundary curvatures are equal circular arcs. 

2—To the extent that the vertices of the 0 grain 
are not at equilibrium angular arrangement (in con- 
trast to the above), a driving energy for growth 
exists by virtue of the nonzero values of the equa- 
tions derived from the general form o,, + o,, cos 6, + 
oa cos 6, for the junction of grains i, j, and k, with @, 
being the angle at the junction in the ith grain, etc. 
As the grain grows and increases in number of sides, 
the driving energy in terms of n, the number of 
sides, is o[l1-q cos (n-2/n) (#/2)] where q is equal 
tO o.m/Omm, OM standing for the 0 grain boundaries 
and mm for the matrix boundaries, respectively. The 
q factor takes into account the cases where the 0 


Fig. 2b—Further stages in the coalescence Fig. 2c—Stages after the coalesced grain has 
grown large enough to grow on its own. A 
second coalescence has occurred at the last 
stage. 


Fig. 2a—The first three stages of a geometri- 
cal coalescence occurring at the junction of process. 
grains | to 4. 
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Fig. 3a—Schematic representation of two grains, 4 and 5, moving 
toward each other to meet and form a new boundary. 


grain boundaries have o values different from those 
of the matrix boundaries. The same equation, in 
terms of the ratio of the size of the 0 grain to the 
matrix grain size, is o[l-qr/R], where R and r are 
the radius vectors of the 0 grain and matrix grains, 
respectively. These equations indicate that the 
larger the 0 grain, the greater is the driving energy 
for correcting nonequilibrium at the vertices, as in 
the von Neumann equation above. They indicate 
also (in opposition to the von Neumann equation) 
that the driving energy increases if the o for the 0 
grain decreases relative to the o’s of the matrix. 

3—As the 0 grain grows, unstable grains with 
sides numbering less than six will frequently occur 
at its periphery. A peripheral instability is particu- 
larly acute when a four-sided grain is just convert- 
ing into a three-sided grain (see grain 2 at stages D 
and E, or Fig. 4, for a corresponding occurrence in 
three dimensions). When this occurs, the driving 
energy for growth of the 0 grain changes discon- 
tinuously to a higher level. 

4—Geometrical coalescences increase as the 0 
grain grows, for the reason that the probability of 
meeting other suitably oriented grains for a low o 
mutual boundary increases with peripheral size. 

Thus, once a geometrical coalescence occurs and 
produces a grain distinctly larger than its neighbors, 
several factors come into play to bring about a 
growth rate greater than that of its neighbors. 


Recrystallization Nucleation in Three-Dimensional 
Systems 

A similar analysis is possible for an analogously 
idealized three-dimensional system, e.g., for an ag- 
gregate of uniform cube-octahedron grain cells. In 
this case geometrical coalescence occurs when two 
four-grain junctions meet along a three-grain line 
junction to produce a low o subboundary between 
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them, Fig. 3a. In this case it is convenient to refer 


replaced by surface-tension 7. The sides of the closed figure are not 
vectors but merely scalar lengths normal to their respective sides 
and proportional in length to their respective o’s. In crystalline 
solids the two quantities, y and ¢, are not interchangeable, unless 
+ is explicitly defined as being equal to ¢. (It is frequently defined 
only implicitly in this way.) In defining y=o for crystalline solids, 
+ is no longer the true surface tension and confusion will arise 
when the true surface-tension quantity will need to be introduced. 


by Gibbs." The two tetrahedra, which are closed, 
represent equilibrium at points P and Q, Fig. 3a. The 
edges of the tetrahedra are normal to the different 
boundaries they represent (as labeled) and are 
equal in length to the corresponding o values. As P 
and Q move toward each other and meet, the sum of 
the two altitudes of the tetrahedra represents the o 
value for boundary 4-5 that would be in equilibrium 
with the other boundaries, oriented as they are when 
they meet. If, on the other hand, this boundary has 
relatively a very low a, a highly unstable condition 
occurs; and this boundary must become very large 
in area as a result. This in turn produces a large 
complex grain of two subgrains, as occurred in the 
flat-cell case. 

In this case the two cube-octahedron cells of 14 
sides each transform into a complex grain of two 
subgrains having 25 sides. Several peripheral grains, 
on the other hand, decrease in their number of sides 
to less than 14 sides each, causing them to be unsta- 
ble and to head for extinction. Fig. 4 shows the 
manner in which a peripheral grain has been re- 
duced to five sides and in which it further reduces 
into either one, or into two, four-sided grains before 
extinguishing itself. 


Real Polycrystalline Structures 


Although the above analysis refers only to ideal- 
ized structures, no conditions in real structures 
exist to prohibit the occurrence of geometrical coa- 
lescences. The micrograph shown in Fig. 5 is evi- 
dence that the mechanism can occur. This occur- 
rence is by no means rare; a number of other 
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microstructures have been observed that indicate 
that geometrical coalescence had been taking place. 
It seems to be common in a metal exhibiting allo- 
tropy. In Fig. 5 what appears to have taken place 
is the coalescence of the two grains marked 3 and 4. 
The subboundary between grains 3 and 4 has not 
been revealed by the etch, presumably because of 
the close crystallographic match. Grains 1 and 2 
apparently had been in contact (the difference in 
shading suggests that their orientations are quite 
different) and are now on the way to extinction. 

Influence of the Matrix Texture: The fact that 
secondary recrystallization occurs more frequently 
when a texture is present supports the thesis that 
geometrical coalescence serves as the origin of the 
secondary-recrystallization nuclei. In a texture, the 
probability of two grains meeting with close orien- 
tations is high; and, therefore, low o subboundaries 
should occur frequently on the meeting of new 
grains. In fact, the data on grain-boundary energies 
vs orientation difference reported by Dunn, Chal- 
mers, and others, would indicate that the variations 
of o values at boundary junctions would be at a max- 
imum at some intermediate texture. In severe tex- 
tures, the matrix boundaries may be considered as 
being subboundaries already, and hence geometric 
coalescences, and therefore secondary recrystalliza- 
tion, should not occur as readily. Therefore the maxi- 
mum nucleation density should occur for some inter- 
mediate texture. However, a high temperature should 
still be required for nucleation because the low o 
that exists for all the boundaries involved would 
yield a low driving energy for grain-boundary mi- 
gration in general. 

Texture in Recrystallization: The occurrence of 
textures, or rather, orientations in the secondary 
grains different from the matrix, also appears to be 
explainable in terms of geometrical coalescences. In 
order that, at the start of a geometric coalescence, a 
maximum of instability is present, not only must 
the newly created boundary be low in a, but also 
the o’s of the adjacent boundaries should be rela- 
tively high. For example, in Fig. 3b, if the six slope 


=— 


Fig. 4—The two uppermost figures represent the contraction of a 
five-sided grain to a slender triangular prism. The lower figures 
represent the two possible ways for forming four-sided grains. 
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heights of the two tetrahedra are very long, repre- 
senting large o values, the two altitudes likewise 
will be long. Their sum will be very large therefore, 
resulting in an extreme degree of nonequilibrium if 
the new boundary (formed when points P and Q 
meet) has zero or subboundary o energy. All this 
means then that the most easily stimulated geo- 
metric coalescences are those that produce an 0 
grain well misoriented with respect to the matrix 
orientation. This marked difference in orientation 
between matrix and recrystallization grains is one 
of the outstanding characteristics of recrystalliza- 
tion. The von Neumann equation mentioned above 
states that the driving energy of a growing grain is 
equal to 2om(n-6)/3. This refers to the boundaries 
of the growing grain exclusively. Hence, the greater 
the misorientation between the growing grain and 
the matrix, the greater will be the o values for the 
growing grain, and the greater the growth rate, 
therefore. In other words, both geometrical coales- 
cences and the subsequent grain growth are favored 
by a distinctly different texture between the matrix 
and the secondary-recrystallization grains. 
Induction Period and Growth Rates: The growth 
of a secondary-recrystallization grain with time is 
shown in Fig. 6. The induction period is the period 
before two grains meet, destined to coalesce geo- 
metrically. The asymmetry period is the time in 


Fig. 5—Evidence of 
a geometrical coal- 
escence occurring 
in o 9.8 pet Ni-Ti 


alloy. The back- 
ground is 8 and 
the white, TiNi. 


The subboundary 
presumably formed 
between the coal- 
esced grains was 
not delineated by 
the etch. HNC,- 
HF glycerine etch. 
X300. Area re- 
duced approxi- 
mately 5 pct for 
reproduction. 
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TIME 
Fig. 6—The growth of a secondary recrystallization grain. R/r is 
the ratio of the average radius vectors for the 0 grain and the 
matrix grains. The induction period is the time prior to start of 
coalescence. Curve II includes other coalescences in the course of 
growth. 
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Fig. 7—Subsurface coalescence between grains 0 and 2 (dotted line 
is subboundary being generated) giving the effect of growth stimu- 
lation at a distance. 


which the coalescence is being consummated. After 
this period the various factors (excluding other coa- 
lescences) contributing to self-propagation listed 
earlier take over to produce rate-curve I. Rate- 
curve II includes other coalescences which will ac- 
celerate the growth rate further. 

Primary Recrystallization: The process of pri- 
mary-recrystallization nucleation might be similar 
to that of secondary recrystallization. In the pri- 
mary case the matrix is replaced by a “polygonized” 
structure developed during recovery, a structure 
which produces the texture that aids in increasing 
coalescences. The texture, however, as mentioned 
above, should not be extreme. The necessary com- 
bination in o values among the various boundaries 
meeting at the origin of a geometrical coalescence 
therefore must occur at regions where the texture 
has a sharp local deviation, such as where extensive 
inhomogeneous plastic flow has occurred, or at a 
prior grain boundary. 

Grain Growth: General grain growth in a uniform 
grain-size specimen might be considered as a con- 
tinual process of recrystallization having widespread 
overlapping. Thus the continual appearance and 
disappearance of grains will gradually favor the low 
eo boundaries, such as twin boundaries and subboun- 
daries. This conversion of boundaries into those 
with lower and lower o values steadily reduces the 
driving energy for growth, and, hence, it is under- 
standable that grains reach a limiting size for a 
given temperature of anneal. Furthermore, it is 
not too surprising that a large percentage of adjoin- 
ing pairs of grains in an annealed specimen may be 
twin related, as found by Homes.’ Subboundaries 
should occur abundantly. Grain growth on the basis 
of coalescence is not real grain growth but merely 
an apparent grain growth. If the subgrains were 
counted together with the regular-type grains, it 
would be found that grain growth is of a much 
smaller degree than ordinarily is considered. 

The apparent cessation of grain growth in a sheet 
specimen, as the grain size reaches the thickness of 
the sheet, may be explainable in terms of geometri- 
cal coalescence. When grains become the size of the 
sheet thickness, the boundaries tend to become per- 
pendicular to the sheet, thereby eliminating three- 
dimensional-type coalescences. The only coalescences 
that can occur are of the rarer two-dimensional 
type. If this explanation is correct, it would indicate 
that geometric coalescences are quite important in 
the grain-growth process. 

Recovery: Some metals exhibit a hardness rise in 
the recovery region of the hardness vs annealing- 
temperature curve. There is a possibility that this 
hardening is due to geometric coalescences. When a 
large number of geometric coalescences have just 
occurred in the early stage of annealing a metal, 
they cannot have resulted as yet in the softening of 
the metal, since the bulk of the metal is still in the 
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cold-worked state. If it is assumed further that the 
coalescences have grown large enough to obstruct 
plastic flow in the matrix (by virtue of their non- 
alignment with operating slip systems in the matrix), 
then these coalescences have produced hardening 
prior to growing large enough to produce softening. 
In other words, if the annealing texture is different 
from the cold-worked texture, the budding recrys- 
tallization grains function as precipitation-harden- 
ing particles. 

Growth “Stimulation:” This phenomena, reported 
by W. G. Burgers, consists in part of an apparent 
action-at-a-distance in which a secondary recrystal- 
lization grain appears to stimulate the start of 
growth by certain matrix grains when they are ap- 
proached. In Fig. 7 is shown a cross section of a 
secondary-recrystallization grain 0 coalescing with 
grain 2, below the surface (under grain 1). Such a 
coalescence will cause grain 2 to start growing as 
part of the 0 grain. Thus, grain 1 may be consumed 
from both directions. 


Conclusion 


The origin of recrystallization nuclei, particularly 
for secondary recrystallization, appears to be ex- 
plainable in terms of grain-boundary free-energy 
considerations. To produce a nucleus, two grains 
must meet in such a way that: 1—the boundaries at 
the point of meeting are relatively high in o values, 
and 2—the new boundary formed is relatively very 
low in a. This produces a coalescence resulting in a 
large complex grain of two subgrains or occasionally 
two twinned grains. Once the large nucleus is pro- 
duced, the customary grain-boundary mechanics in- 
troduced by Harker and Parker and C. S. Smith take 
over to yield recrystallization grains. If it is as- 
sumed further, as does Beck," that high « boundaries 
have low activation energies for grain-boundary 
migration, then this serves as an additional factor 
for accelerating growth of the nucleus. However, 
this last factor can contribute to growth only when 
there is a net lowering of grain-boundary free 


energy. 
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Correlation Between Microstructure and Resistivity Of 
Transforming Ti-Mn Alloys 


by D. J. DeLazaro and D. W. Levinson 


Observations were made of the isothermal transformation and 
quench and reheat transformation characteristics of binary titanium 
alloys or yy 6 wt pct and 10 wt pct Mn at tempera- 
tures of 700°, ©, 500°, and 400°C. A large change in electrical 
resistivity attends the beta to alpha transformation in these alloys. 
The correlation between the resistivity and microstructure provides 
a very sensitive means of following the transformation. 


N a recent paper, Wyatt’ determined the electrical 

resistivity of several grades of unalloyed titanium 
metal as a function of temperature. In addition to 
the expected discontinuity accompanying the a-f 
transformation, it was shown that a-Ti has a much 
larger temperature coefficient of resistance than £. 
The result would be a very large change in resis- 
tivity attending 8 > a transformation if it were pos- 
sible to retain the 8 structure at room temperature 
in pure titanium. From these data, it was reasoned 
that this very large resistance change should accom- 
pany the decomposition of the 8 phase in alloys in 
which the £ phase can be retained by quenching to 
room temperature from the £ field. This effect is 
illustrated schematically in Fig. 1. 

Binary Ti-Mn alloys containing more than 5 wt 
pet Mn can be quenched to retain 8 from the £ field. 
While the 8 phase would be expected to transform 
in these alloys to a + TiMn via a eutectoid reaction,’ 
it has been observed that the eutectoid decomposi- 
tion does not occur readily in hypoeutectoid alloys, 
but rather the decomposition of the 8 occurs by re- 
jection of proeutectoid a only.* Thus, the resistivity 
should show a marked decrease, as the a phase is 
rejected from 8 and a study of the resistivity of 
solution treated and isothermally transformed or 
quenched and reheated alloys should provide an 
excellent means of establishing the transformation 
kinetics of these alloys at various temperatures. 

The usual metallographic method of determining 
the transformation temperature-time characteristics 
of alloys of this type is very satisfactory for deter- 
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Fig. 1|—Schematic variation of resistivity of titanium with tempera- 
ture, after Wyatt.’ 


mining the time required to initiate the rejection of 
the a phase at temperatures relatively close to the 
B/a + B boundary when the rejected a is coarse, 
and a typical Widmanstaetten structure is produced. 
The metallographic method is less satisfactory for 
this purpose at lower temperatures where a fine 
nodular decomposition product is observed and is 
very unsatisfactory for the determination of the 
time required to complete the transformation at any 
temperature. Accordingly, specimens were prepared 
for resistivity measurements in order to determine 
the transformation characteristics of the alloys. 
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Experimental Method 

Two hypoeutectoid alloys containing nominally 6 
and 10 pet Mn were prepared from DuPont sponge 
titanium and electrolytic manganese in nonconsum- 
able electrode-arc furnaces. The ingots were forged 
to rod and machined to electrodes for a second melt- 
ing in consumable electrode-arc furnaces. The re- 
sulting ingots were forged to % in. diameter rod 
and centerless ground to approximately % in. diam- 
eter. Specimens approximately 3 in. in length were 
cut from the rods thus prepared. The actual com- 
positions of the alloys were 5.82 and 9.85 pct Mn, 
respectively. 

The specimen resistance was measured by the 
usual current-potential method employing a series 
standard resistance. The specimen potentials were 
taken from pure copper knife edges and were re- 
producible to roughly one part in 500. The poten- 
tials were measured with a Leeds and Northrup- 
type K-2 potentiometer and were measured at room 

Ti- 6 Mn 


© (SOTHERMALLY TRANSFORMED 
@ QUENCH AND REWEAT 


ol 10 10 
Tine ot Temperature (Minutes) 


Fig. 2—Ti-6 pct Mn transformed as indicated after 30 min at 1000°C. 
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Fig. 3—Ti-10 pct Mn transformed as indicated after 30 min at 
1000°C. 
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temperature. The apparatus was calibrated initially 
with pure copper. 

The data reported were obtained from two sets of 
specimens, one set employed for the isothermal heat 
treatment and the other for the quench and reheat 
determinations. A single specimen was used for all 
determinations of either type for a particular tem- 
perature in order to minimize any differences due 
to specimen geometry. The data were found to be 
reproducible to about 1 pct of the values reported. 

The data from isothermally transformed speci- 
mens were gathered by measuring at room tempera- 
ture the resistance of a specimen which had been 
solution treated for 20 min at 1000°C in a helium- 
filled tube furnace and quenched in a lead-bath fur- 
nace at the temperature in question. After holding 
for the desired time, the specimen was quenched in 
cold water, cleaned, and placed on the knife edges. 
A small piece was removed from the end of each 
specimen following each measurement and was 
examined metallographically. This schedule was 
followed for each time reported at each temperature. 

The data for quenched and reheated samples were 
obtained by measuring at room temperature the 
resistance of samples which had been quenched in 
cold water from 1000°C and then reheated for the 
reported times in lead-bath furnaces. The speci- 
mens were again quenched following the heat treat- 
ments, cleaned, and examined. As before, these were 
resolution treated each time except for times re- 
ported in excess of 30 min. In these instances, the 
specimens were simply reheated. In all cases the 
temperatures reported are precise to +3°C. 


Results and Discussion 
The results of the investigation are given in Figs. 
2 and 3, and isothermal transformation rates are 
summarized in the TTT curves given in Figs. 4 and 
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Fig. 4—TTT curve for Ti-6 pet Mn. 
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Fig. 5—TTT curve for Ti-10 pet Mn. 
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Fig. 6—Ti-6 pct Mn alloy solution treated at 1000°C for 20 min and isothermally transformed at 


700°C, showing progressive a rejection. X250. 


5. The values plotted are measured resistance values 
which are proportional to specific resistivities, since 
the specimen geometry was constant for a given 
run. In all cases, the first point plotted is that of 
the as-quenched alloy. Additional data points de- 
rived from runs at intermediate temperatures are 
plotted on the TTT curves. 

Examination of the resistance vs time curves indi- 
cates that the order of magnitude of the observed 
resistance change is as given in Fig. 1. That this 
change correlates with the rejection of a from the 
§8 matrix may be appreciated by consideration of 
Figs. 6 and 7. These micrographs were made from 
samples removed from the resistance specimens as 
previously mentioned, and show progressive rejec- 
tion of a from f. Fig. 8 shows typical quench and 
reheat microstructures for samples heat treated at 
700°C. These structures appear similar to those of 
alloys isothermally transformed at temperatures 
below the knee of the curve and not at all like the 
microstructures observed in these alloys isothermally 
transformed at 700°C. It is known that the mechan- 
ical properties of similar titanium alloys obtained by 
the quench and reheat cycle differ from those ob- 
tained by isothermal transformation of the same 
alloy at the same temperature.‘ As is evident from 
Figs. 2 and 3, the kinetics of the rejection of a are 
somewhat different for the two types of heat treat- 
ment. In the case of both the 6 and 10 pct Mn alloys, 
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the transformation of reheated alloys was distinctly 
more rapid than for isothermally transformed alloys 
for temperatures above the knee of the TTT curve. 
For the 10 pct Mn alloy, the transformation kinetics 
for the two methods of heat treatment appear to be 
essentially identical at temperatures below the knee 
of the curve, i.e., below about 600°C. 

In the case of the 6 pct Mn alloy, the quench and 
reheat specimens appear to transform rather dif- 
ferently at temperatures below the knee of the curve 
than do isothermally transformed specimens. Con- 
sideration of Fig. 2 shows a distinct plateau in the 
resistance vs time properties at 500°C of the re- 
heated alloy. It is significant to note that the equi- 
librium value of the resistance of fully transforrned 
specimens decreases with decreasing transformation 
temperaiure because of increasing amounts of the 
low resistance a phase. It would appear that both 
of the alloys demonstrate the plateau in the resist- 
ance vs time curve at 400°C by either method of 
heat treatment, since the apparent level resistance 
value is anomalously high. Two additional iso- 
thermal-transformation resistance values were de- 
termined for both alloys at 400°C for 24 and 48 hr 
(these data are not shown on the plots), and the 
existence of a plateau at 400°C was verified. The 48 
hr resistance value for the 6 pct Mn alloy indicated 
an almost complete transformation (r = 1.81x10" 
ohms; see Fig. 2), whereas the resistance of the 
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Fig. 7—Ti-10 pct Ma alloy solution treated at 1000°C for 20 min and isothermally transformed at 


700°C, showing progressive a rejection. X250. 


Fig. 8a—Ti-6 pct Mn alloy quenched from 
1000°C and reheated at 700°C for 15 sec. X250. 


slowly transforming 10 pct Mn alloy had started 
down again (r = 2.21x10° ohms; see Fig. 3), but 
was not yet low enough to indicate a nearly com- 
plete transformation. 

This plateau may indicate a change in reaction 
mechanism to include an intermediate state of meta 
stability at the lower temperatures, perhaps the 
phase of Frost et al." reported for this system. This 
is still under investigation. 
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Fig. 8b—Ti-10 pct Mn alloy quenched from 
1000°C and reheated at 700°C for 15 min. X250. 


Summary 

1—The order of magnitude of the change in re- 
sistivity attending rejection of a from the £ phase 
in two binary titanium alloys is as predicted from 
the resistance vs temperature behavior of pure tita- 
nium. 

2—The large resistance change makes this tech- 
nique an excellent method of determining the TTT 
characteristics of transforming £8 stable Ti alloys for 
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all temperatures in the transformation range. 
3—Differences are evident in both kinetics and 
microstructure between isothermally transformed 
specimens and specimens quenched to room tem- 
perature and reheated to the temperature of interest. 
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Technical Note 


Decrease of Density During Plastic Deformation of Nodular Cast Iron 


by W. R. Clough and M. E. Shank 


ii has been noted in a study of the flow and frac- 
ture of nodular cast iron under biaxial stress con- 
ditions (complete results of which will be published 
later) that when this metal is subjected to stress it 
may undergo a striking density change. Such be- 
havior was first determined by strain gage measure- 
ments made on tensile test specimens, and has since 
been substantiated by other types of measurement. 
The chemical analyses and mechanical properties of 
several nodular irons to be discussed here are given 
in Tables I and II. 

Tensile data for iron A was obtained from a hol- 
low cylindrical combined stress specimen of the 
same dimension as those used by L. F. Coffin, Jr.’ in 
his investigation of gray iron properties. Standard 
0.505 in. solid tensile-test bars were used for irons B 
and C. On each specimen type, A-8 wire resistance 
strain gages were used—two diametrically opposing 
gages in the axial direction, two in the tangential or 
hoop direction. By subtracting elastic strains from 
the measured strains, the plastic strains could be 
calculated. By assuming that radial and tangential 
strains are numerically equal, a measure of perma- 
nent volume change can be obtained by summing 
the plastic strains. This appears to be a good as- 
sumption, since the metal either fractured, iron A, 
or readings were discontinued, irons B and C, long 
before necking took place. This calculated variation 
of volume increase with stress is given for irons A 
and B in Fig. 1. Data for iron C is almost identical 
with that for iron B. 

The volume change indicated by Fig. 1 has been 
substantiated by a more direct type of density meas- 
urement. A method developed by S. G. Fletcher and 
Morris Cohen,” and completely described in the dis- 
cussion of their article, has been used. The accuracy 
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of specific volume measurement has been estimated 
as 0.00002 cu cm per gram. Essentially the method 
consists of weighing a sample in air and then im- 
mersed in water. Measurements were made before 
and after straining the material. The results shown 
in Table III were obtained by means of half-size 
(0.252 in. diameter, 1 in. gage length, %-16 threads) 
tensile specimens. Initial measurements were made 
on the whole specimen before stressing. After stress- 


tron A 


lronB 


Fig. 1—Permanent volume change as determined by tensile test. 
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Table |. Chemical Analyses of Nodular Cast Irons 


Total 


Iron c si Mn r s Ni Cendition 
A 3.42 233 042 0.07 0.008 1.63 Pearlitic, as-cast 
B 3.38 319 O24 0.04 0.016 Ferritic, as-cast 
c 3.30 2.91 0.38 0.04 9.009 1.20 Ferritic, as-cast 


Table I!. Mechanical Properties of Nodular Cast Irons 


Modulus of 


Proper- Tensile Elongation Elas- 
tional Strength, in 2 In., tieity Poisson's 
Iron BUN Limit, Psi Psi Pet x10,Psi Ratio 
A 270 41,900 92,600 0.9 25.0 0. 
B 164 30,000 68,750 22.5 25.0 0.275 
c 168 31,000 65,500 22.0 24.2 0.280 


Table I!!. Density Measurement of Nodular Cast Irons 
Deformed in Tension 


Density 
Unstressed Elongation Final Decrease, 
Density 


of 1 In., Pet Pet 


A 0. 0.20 
A 7.2412 0. 7.2277 0.19 
B 7.1234 5 7.0557 0.95 
B 7.1246 10 7.0242 1.41 
B 7.1247 15 6.9428 2.55 
Cc 7.1408 20 6.9426 2.78 


ing, the gage length was then cut out, polished, and 
its density redetermined. These specimens were not 
strained to fracture. 

Three possibilities as to the cause of this density 
change were considered: 1—density changes of the 
matrix or graphite themselves, 2—opening up of 
cracks in the matrix, and 3—opening up of the holes 
around the graphite particle. It was thought that 
the first suggestion was an unlikely one to explain a 
volume change of this magnitude. No evidence to 
support the second mechanism could be found, at 
least until the maximum load-carrying capacity of 
the specimen (so-called ultimate or tensile strength) 
had been passed. Evidence to support the third 
mechanism is shown by the two micrographs, Figs. 
2 and 3. 

Fig. 2, from iron B, was obtained by polishing and 
etching a flat tensile specimen before stressing, 
elongating the specimen to 10 pct strain in a 1 in. 
gage length, and photographing the surface. Fig. 3 
was obtained by first straining the specimen to 20 
pet elongation, then sectioning and polishing, but 
not etching, the neck of iron C listed in Table I. 

A microscopic study after progressively larger 


Fig. 2—Iron B. This 
surface was polished 
and etched before 
straining to 10 pct 
elongation in *ension. 
Note the separation 
of the surface layer 
of the nodule, as 
well as the separa- 
tion between nodule 
and matrix. Nital 
etch. X750. Area re- 
duced approximately 
55 pct for reproduc- 
tion. 


Fig. 3—Iron C. Sec- 
tioned and polished 
after 20 pct elonga- 
tion in tension. White 
area around edges of 
micrograph is matrix. 
Light area in center 
is two adjoining no- 
dules. Dark area be- 
tween matrix and no- 
dules is a void, which 
has become filled 
with bokelite and 
polishing compound. 
Note that thin layer 
of graphite has sep- 
arated from the no- 
dules and is clinging 
to the matrix. Un- 
etched. X750. Area 
reduced approxi- 
mately 55 pct for re- 
production. 


Table 1V. Density Measurement of Nodular Cast Irons 
Deformed in Compression 


Applied Density 
Unstressed Stress, Leg Final Decrease, 
Iron Density Psi Strain Density Pet 
A 7.2405 225,000 0.308 7.2007 0.55 
B 7.1214 106,000 0.632 7.1090 0.18 


degrees of deformation indicates that the initial 
separation of material occurs in a thin external ring 
of the nodule itself. This ring is pulled away from 
the body of the nodule and may stick to the matrix, 
Fig. 3, or may remain in an intermediate position, 
Fig. 2. Separation has not, as yet, been observed in 
a specimen stressed below the proportional limit. 
This limit is at about 0.2 pct strain for the iron 
tested. It has been noted in a specimen strained as 
little as 0.5 +0.1 pct. 

Consider the case of iron C, Table III. Lineal 
analysis by means of a microscope with a motorized 
traveling stage indicated a volume of 9.91 pct graph- 
ite before straining. Considering the densities before 
and after straining and assuming the density de- 
crease to be due entirely to the opening up of holes 
around the graphite nodules, elementary arithmatic 
indicates that, after straining, 2.8 pct holes, 9.63 pct 
graphite, and 87.59 pct ferrite might be expected. 
Actual lineal analysis after straining indicated 12.55 
pet graphite and holes, which is in good agreement 
with the calculations. 

A small density decrease also has been observed 
for nodular irons tested in compression. By using a 
technique similar to that previously described, the 
values given in Table IV were compiled. A similar 
density decrease, found after cold drawing of ingot- 
iron wire, has been reported by Maier.* 

The authors wish to express their thanks to Pro- 
fessor E. Orowan for his helpful suggestions in this 
work. 
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